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Role of the nuclear envelope transmembrane protein, Samp1, in chromatin 
organization, differentiation, and disease 
 
Abstract:  
The nucleus, a hallmark of eukaryotic cells, contains the genetic material called 
chromatin. Chromatin is organized and structured as transcriptionally inactive 
heterochromatin, most of which is found in the nuclear periphery, and transcriptionally 
active euchromatin, most of which is found in the nuclear interior. The nucleoplasm is 
separated from the cytoplasm by a nuclear envelope (NE) consisting of two concentric 
lipid membranes, nuclear pores, and the nuclear lamina. The nuclear lamina is formed by 
intermediate filament proteins, called lamins, and the nuclear envelope transmembrane 
proteins (NETs), which organize chromatin in the nuclear periphery. Out of several 
hundred NETs, only a small minority have been characterized, most of which show a high 
tissue diversity. Mutations of some of these nuclear envelope proteins cause a wide range 
of diseases called envelopathies or laminopathies. In this thesis, we focused on chromatin 
reorganization during differentiation and the roles of an inner nuclear membrane protein, 
Samp1, during differentiation, and Emery-Dreifuss muscular dystrophy (EDMD). We 
improved the previously developed method for quantitative monitoring of the epigenetic 
state of chromatin in live cells, called Fluorescent Ratiometric Imaging of Chromatin 
(FRIC). FRIC uses pTandemH vector that assures stoichiometrically constant expression 
of histones 3.3-EGFP and H2B-mCherry, markers for euchromatin and general 
chromatin, respectively. With the improved presentation of FRIC, it was possible for the 
first time to demonstrate an increase in heterochromatin in the nuclear periphery during 
the late-stage of neuronal differentiation and the role of Samp1 in promoting peripheral 
heterochromatin organization. The results also suggest that Samp1 can interact directly 
with the chromatin without the help of its binding partners at the nuclear envelope. We 
were also interested in Samp1 mutations that occur in patients with EDMD. In a recent 
study, three EDMD-connected mutations were found in the TMEM201 gene, encoding 
Samp1.  While no effect of the mutants was traced in our experimental system, in HeLa 
and U2OS cells over-expression of YFP-Samp1 caused a mislocalization of emerin, but 
in each of these lines, it had an opposite effect on the centrosome-to-nucleus distance, 
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Razširjen povzetek:  
Celično jedro je največji organel evkariontskih celic, obdan z jedrno ovojnico (NE, 
Figure 1), dvojno koncentrično membrano, sestavljeno iz zunanje jedrne membrane 
(ONM), ki je povezana z zrnatim endoplazemskm retikulumom (ER), in notranje jedrne 
membrane (INM), v katero so vgrajeni številni proteini, ki pomagajo pri sidranju jedrne 
lamine (NL) in kromatina k obrobnemu delu jedra. Med ONM in INM je perinuklearni 
prostor (PNS), ki se nadaljuje v lumen ER. Prehajanje molekul med jedrom in citoplazmo 
poteka skozi jedrne pore, stičišča obeh membran, kjer se številni proteini, imenovani 
nukleoporini, povezujejo v makromolekularne komplekse jedrnih por, ki omogočajo 
dvosmerni aktivni transport molekul. Pod INM leži NL, omrežje intermediarnih 
filamentov (laminov), ki daje jedru mehansko podporo, omogoča prenos in ojačitev 
signalov med jedrom in citoskeletom in je vključeno v organizacijo kromatina, umeščanje 
in izražanje genov, celično signalizacijo, celični cikel, podvajanje DNA in številne druge 
celične procese. Za povezavo med nukleoskeletom in citoskeletom skrbi kompleks LINC, 
ki se s povezavami med proteini z domeno SUN in s proteini z domeno KASH (nesprini) 
razteza skozi obe membrani NE. Proteini z domeno SUN se v jedru vežejo na lamine, 
kromatin-vezavne proteine in druge proteine INM, v PNS pa se povežejo z nesprini, ki so 
v citoplazmi vezani na omrežja citoskeleta (mikrotubule, aktinske in intermediarne 
filamente). Kompleks LINC igra ključno vlogo v številnih celičnih procesih, organizaciji 
kromosomov in diferenciaciji.  
Genomska DNA je v evkariontskih celicah organizirana v kromatin, ki je sestavljen iz 
DNA in proteinov. Bolj zgoščen, transkripcijsko utišan kromatin, se imenuje 
heterokromatin in se nahaja v obrobnem delu jedra in okoli jedrca, transkripcijsko aktiven 
in manj zgoščen kromatin pa se imenuje evkromatin in se nahaja v osrednjem delu jedra. 
Organizacija kromatina je uravnavana preko različnih epigenetskih mehanizmov: 
metilacije DNA (kovalentni prenos metilne skupine na mesto 5C citozina, kar zniža 
prepisovanje genov), posttranslacijskih modifikacij histonov (med katerimi so 
najpogostejše acetilacija, metilacija in ubikvitinacija lizinov), različnih histonskih oblik, 
in delovanjem nekodirajočih RNA. Organizacija in regulacija kromatina je ključnega 
pomena za stabilnost in pravilno izražanje genov, za opravljanje celičnih funkcij, celično 
diferenciacijo in specializacijo. Pomembno vlogo pri organizaciji kromatina igra NE, ki 
s pomočjo laminov in transmembranskih proteinov jedrne lamine (NET-ov) privezuje 
kromatin k obrobnemu delu jedra. Razporeditev kromosomov v jedru ni naključna. V 
jedru sesalskih celic so kromosomi z manjšim številom genom pomaknjeni v jedrno 
periferijo, med tem ko so kromosomi, ki vsebujejo večji delež genov, locirani v osrednjem 
delu jedra. Celice različnega tkiva imajo različno prostorsko razporeditev kromosomov 
in organizacijo kromatina, saj sta le-ti odvisni od diferenciacije in specializacije celic. 
Med procesom celične diferenciacije pride do velikih sprememb v organizaciji kromatina. 
Medtem ko je kromatin matičnih celic zarodka (ESC) ohlapno zvit, brez značilnih 
območij heterokromatina, je v diferenciranih celicah v jedrni periferiji in okoli jedrca 
kromatin bolj strukturiran in kondenziran. V procesu diferenciacije se tako reorganizira 
več kot tretjina genoma. 
NE je dolgo časa veljala le za ločnico med jedrom in citoplazmo, dokler niso pred leti 
odkrili, da mutacije številnih NET-ov povzročajo bolezni jedrne ovojnice oz. jedrne 
lamine (envelopatije oz. laminopatije). Večina NET-ov je tkivno specifičnih, njihovo 
izražanje pa je odvisno od razvojne faze celic. Med najbolje raziskanimi NET-i so proteini 
z domeno SUN, proteini z domeno LEM (LAP2β, Emerin, MAN1), receptor lamina B 
(LBR) in Samp1, ki sodelujejo pri sidranju kromatina k NL. Samp1 (z vretenom povezan 
membranski protein 1) je prvi protein, ki so ga našli v delitvenem vretenu. Ima tri različne 
izooblike: Samp1a (43 kDa), Samp1b (62 kDa) in Samp1c (75 kDa), ki so produkti 
alternativnega spajanja. Samp1 ima velik nukleoplazmični N-konec s hidrofobno 
domeno, štiri ohranjene CXXC motive s potencialom za nastanek dveh cinkovih prtov in 
vezavo RNA/DNA in/ali proteinov; Samp1a in Samp1b imata štiri transmembranske 
domene in nukleoplazmični C-konec, med tem ko ima Samp1c pet transmembranskih 
domen in C-konec v PNS (Figure 2). Izguba Samp1 destabilizira delitveno vreteno, kar 
povzroči napačno ločitev kromosomov. Samp1 je povezan tudi z kompleksom LINC in 
lamini; izguba Samp1 povzroči destabilizacijo kompleksa LINC, kar onemogoči 
migracijo fibroblastov in odmik centrosoma proč od jedra. Izražanje proteina Samp1 je 
tkivno specifično, z visoko ravnjo izražanja v mišicah, možganih in testisih. Ključen je 
za diferenciacijo mišic, raven izražanja se med miogenezo za nekajkrat zviša, izguba 
proteina pa prepreči nastanek miocevk in s tem popolnoma prepreči miogenezo. 
Pomembno vlogo naj bi imel tudi pri sidranju heterokromatina na jedrno periferijo. 
Za kvantitativno spremljanje dinamične razporeditve kromatina v celicah smo uporabili 
metodo FRIC (fluorescentno ratiometrično slikanje kromatina). Metoda temelji na 
uporabi označevalcev za transkripcijsko aktiven kromatin H3.3-EGFP (Figure 4a) in 
splošen kromatin H2B-mCherry (Figure 4b), ki sta klonirana v vektor pTandemH (Figure 
3), ki omogoča njuno stehiometrično konstantno izražanje. Program za analizo slik  
omogoča avtomatiziran izbor celic, katerih jedra ustrezajo željeni velikosti in se ne 
dotikajo roba slike. Nato izračuna površino jeder in intenziteto rdeče (H2B-mCherry) oz. 
zelene (H3.3-EGFP) fluorescence. Slike se normalizirajo z deljenjem posamezne 
fluorescence z njeno povprečno vrednostjo in varianco posameznih  jeder. Normalizirana 
zelena fluorescenca (kanal H3.3) se nato deli z normalizirano rdečo fluorescenco 
(kanalom H2B), pri čemer nastane slika razmerij, ki prikazuje relativno epigenetsko 
stanje kromatina (Figure 4c). Jedro se nato razdeli v 20 ali 40 koncentričnih območij z 
enako širino. Povprečne vrednosti teh območij se nato načrtajo od jedrne periferije do 
središča jedra (1-20 oz. 1-40), s čimer nastane radialni profil, ki prikazuje kvantitativno 
porazdelitev kromatina v jedru celic. 
V prvem delu magistrske naloge je predstavljena izboljšana metoda FRIC z uporabo 75. 
percentila razmerja H3.3/H2B, ki predstavlja evkromatin (Figure 4d), in 75. percentila 
razmerja H2B/H3.3, ki predstavlja heterokromatin (Figure 4e), ki sta združena v eno sliko 
(Figure 4f). Heterokromatin je na sliki obarvan z rumeno, evkromatin pa s turkizno barvo, 
s čimer je porazdelitev kromatina v jedru celic predstavljena bolj jasno in razločno. 
Izboljšavo metode smo eksperimentalno ponazorili s pomočjo inhibitorjev histon 
deacetilaze (HDAC) in histon acetiltransferaze (HAT). Celice HeLa smo transficirali z 
vektorjem pTandemH in obdelali z inhibitorjem HDAC TSA oz. inhibitorjem HAT AA. 
Dodatek TSA (ki zviša raven acetilacije histonov) je povzročil upad perifernega 
heterokromatina, dodatek AA (ki zmanjša raven acetilacije histonov) pa je imel obraten 
efekt, nastalo je več heterokromatina v jedrni periferiji (Figure 5).  
S pomočjo izboljšane metode FRIC smo v nadaljevanju opazovali spremembe v 
organizaciji kromatina med nevrogenezo. Nevronski celični liniji SH-SY5Y in PC6-3 
smo transficirali z vektorjem pTandemH in diferencirali. Po petih dneh diferenciacije smo 
opazili porast perifernega heterokromatina v jedru obeh celičnih linij (Figure 6-7). 
Rezultati večine dosedanjih študij opisujejo spremembe v organizaciji kromatina v 
začetnih fazah razvoja, z našimi poskusi pa smo uspeli ponazoriti tudi spremembe v 
organizaciji kromatina v dokaj pozni fazi nevronske diferenciacije, ko ne prihaja več do 
tako znatnih sprememb v organizaciji kromatina kot v zgodnejših fazah razvoja.  
Iz literature je znano, da je Samp1 pomemben za diferenciacijo človeških induciranih 
pluripotentnih matičnih celic (iPSC) in mišic, pripisujejo mu pomembno vlogo pri 
organizaciji kromatina. Zato smo preverili imunofluorescenčno raven proteina Samp1 
med nevrogenezo in opazili značilen porast pri diferenciaciji celic PC6-3 (Figure 8). Za 
nadaljnje poskuse smo nato ustvarili poliklonsko celično linijo PC6-3 z izbitim genom za 
Samp1 (CrisprCas9 KO-Samp1, Figure 9). Kljub izbitju gena za Samp1, so se celice 
normalno diferencirale, s čimer smo pokazali, da Samp1 ni esencialen za nevrogenezo 
celic PC6-3. Zanimivo pa je bilo dognanje, da pri diferenciaciji celic z izbitim genom za 
Samp1 ne pride do značilnega porasta perifernega heterokromatina, kot ga je mogoče 
opaziti pri divjemu tipu celic, kljub normalni diferenciaciji celic. Prav tako smo opazili, 
da imajo nediferencirane celice z izbitim genom za Samp1 manj heterokromatina v jedrni 
periferiji v primerjavi z nediferenciranimi celicami divjega tipa, kar ponazarja, da Samp1 
spodbuja nastanek perifernega heterokromatina v celičnem jedru.  
Da bi ugotovili kako protein Samp1 interagira s kromatinom (bodisi preko vezavnih 
partnerjev NE ali preko direktne vezave), smo pripravili jedrni fragment proteina Samp1, 
YFP-Samp1 (1-180), brez transmembranskih domen. Analiza izražanja jedrnega 
fragmenta v celicah U2OS je pokazala višjo kolokalizacijo YFP-Samp1 (1-180) z Draq5 
(markerjem kromatina) in H3K9me3 (markerjem heterokromatina), kot z YFP, kar 
nakazuje na direktno interakcijo proteina Samp1 s heterokromatinom, brez pomoči 
vezavnih partnerjev.  
Prva odkrita bolezen, ki jo povzročajo mutacije NET-ov, je bila Emery Dreifuss mišična 
distrofija (EDMD). Večina primerov bolezni je povezana z mutacijami emerina ali lamina 
A/C, za ostale primere pa je vzrok neznan. Simptomi EDMD so otrdelost sklepov,  
progresivna izguba mišične mase in mišična oslabelost, ter bolezni srca, kar na koncu 
privede do odpovedi srca. Nedavno so odkrili, da so mutacije gena, ki kodira protein 
Samp1, povezane z zgodnejšim pojavom simptomov in resnejšim potekom EDMD. Gre 
za substitucije glicina z alaninom ali serinom, kar bi lahko povzročilo stabilizacijo 
strukture Samp1.  
Da bi ugotovili mehanizem vpliva mutacij proteina Samp1 na resnejši potek EDMD, smo 
preverili lokalizacijo mutiranih proteinov Samp1 v celicah HeLa in U2OS. Med 
mutiranimi in nemutirano obliko proteina nismo opazili razlik (Figure 12), prav tako ni 
bilo mogoče zaznati značilnih sprememb v morfologiji ali velikosti jedra, kar bi 
nakazovalo na napake pri mitotski delitvi. Izguba proteina Samp1 običajno povzroči 
agregacijo emerina, ki je direktni vezavni partner Samp1 in eden izmed glavnih proteinov, 
katerih mutacije povzročajo nastanek EDMD. Medtem ko je prekomerno izražanje 
Samp1 povzročilo porast v številu celic z agregati emerina v celičnih linijah HeLa (21 % 
celic) in U2OS (75 % celic), mutirane oblike proteina Samp1 niso imele nobenega 
dodatnega vpliva na agregacijo (Figure 13). Iz prejšnje literature je znano, da izguba 
proteina Samp1 povzroči odmik centrosoma od jedra, kar je značilen fenotip celic 
bolnikov z EDMD. Naši rezultati v celicah HeLa so to potrdili. Do odmika centrosoma 
od jedra je v celicah HeLa prišlo tudi pri prekomernemu izražanju YFP-Samp1 (Figure 
14), medtem ko se je centrosom v celicah U2OS s prekomernim izražanjem YFP-Samp1 
pomaknil bližje k jedru. Prekomerno izražanje mutiranih oblik Samp1 ni imelo dodatnega 
učinka na položaj centrosoma v primerjavi z nemutirano obliko proteina v nobeni od 
uporabljenih celičnih linij.  
V magistrski nalogi smo z izboljšano metodo FRIC pridobili bolj jasno predstavo o 
organizaciji kromatina v jedru analiziranih celic. Pokazali smo, da je z izboljšano metodo 
FRIC mogoče zaznati občutljive spremembe v organizaciji kromatina tudi v poznejših 
fazah diferenciacije, ko spremembe v porazdelitvi hetero- in evkromatina niso več tako 
velike. V nalogi smo  pokazali porast heterokromatina v jedrni periferiji med nevrogenezo 
in vlogo proteina Samp1 pri sidranju perifernega heterokromatina k NE. Rezultati prav 
tako nakazujejo na direktno interakcijo med proteinom Samp1 in kromatinom brez 
pomoči vezavnih partnerjev v NE. V zadnjem delu smo se osredotočili na mutacije 
proteina Samp1, ki so jih odkrili pri bolnikih z EDMD. Prekomerno izražanje 
YFP-Samp1 je povzročilo agregacijo emerina v celicah HeLa in U2OS. Pri prekomernem 
izražanju YFP-Samp1 smo opazili tudi spremembe v položaju centrosoma,  v celicah 
HeLa je prišlo do povečanja razdalje, medtem ko v celicah U2OS do zmanjšanja razdalje 
med centrosomom in jedrom, kar je v skladu s hipotezo o tkivno-specifičnih funkcijah 
proteina Samp1. 
 
Ključne besede: organizacija kromatina, diferenciacija, Samp1, Emery-Dreifuss 
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1.1 The nuclear envelope 
When we look at an eukaryotic cell, the first thing that catches our eyes is the nucleus, 
the largest organelle enclosed by the nuclear envelope (NE, Figure 1), which separates 
the nucleus from the cytoplasm. The NE is made of two concentric lipid membranes, the 
outer nuclear membrane (ONM), continuous with the rough endoplasmic reticulum (ER), 
occupied with attached ribosomes; and the inner nuclear membrane (INM), which has a 
specific set of proteins, helping in tethering the nuclear lamina (NL, see below) and 
chromatin to the nuclear periphery [1–4].  
 
Figure 1: Overview of the nuclear envelope organization. The nuclear envelope is made of two 
concentric lipid membranes, the outer nuclear membrane (ONM) and the inner nuclear membrane (INM). 
The gap between ONM and INM is called the perinuclear space (PNS) and is continuous with the lumen of 
the rough endoplasmic reticulum (ER), which is occupied with attached ribosomes. The PNS is 
discontinued at multiple points where the NE is perforated by fusions of ONM and INM forming nuclear 
pores, harboring macromolecular structures called nuclear pore complexes (NPCs, orange). The INM has 
a specific set of transmembrane proteins, helping in tethering chromatin and the nuclear lamina to the 
nuclear periphery. The cytoskeleton is linked to the nucleoskeleton by the interactions between SUN 
domain proteins (SUN1/2, yellow) and nesprins (blue), forming the LINC complex. (Created with 
BioRender.com.)  
There is a 30–50 nm wide gap between ONM and INM, forming perinuclear space (PNS), 
which is continuous with the lumen of the ER. The PNS is discontinued at multiple points 
where NE is perforated by fusions of ONM and INM forming circular channels, called 
nuclear pores [1,5,6]. Nuclear pores harbor macromolecular structures called nuclear pore 
 
2 
complexes (NPCs) [7] with a mass of 125 MDa in vertebrates [8], composed of multiple 
copies of approximately 30 different proteins [9], called nucleoporins (Nups). NPCs carry 
out bidirectional transport of proteins, ribonucleic acids (RNAs), and ribonucleoprotein 
particles (RNPs) between the nucleus and cytoplasm [10]. The NE was first considered 
mostly as a barrier between the nucleus and the cytoplasm, but recently it had been 
drawing a lot of attention due to its connection to a group of diseases called laminopathies 
or envelopathies (see section 1.4). 
1.1.1 The nuclear lamina 
Underneath the INM is the nuclear lamina (NL, Figure 1), a complex meshwork of 
intermediate filament proteins, called lamins, and their binding partners, providing 
structural support to the nucleus [5,6,11]. Besides maintaining mechanical stability, the 
NL plays a vital role in the signal transduction between the nucleus and the cytoskeleton. 
Lamins also interact with deoxyribonucleic acid (DNA), histones, and chromatin; 
therefore, the NL is essential for many cell processes involving the regulation of 
chromatin organization, gene positioning and expression, cell signaling, cell cycle, DNA 
replication, and many others [6]. 
There are two types of nuclear lamins in mammals, A-type lamins (encoded by LMNA 
gene) and B-type lamins (encoded by LMNB1 and LMNB2 genes) [12,13]. The gene 
LMNA encodes lamin A, AΔ10, C, and C2 proteins, the LMNB1 gene encodes lamin B1 
protein, and the LMNB2 gene encodes lamin B2 and B3 [11,14,15]. While B1 and B2 
lamins are essential for cell growth and survival, expressed in all embryonic and somatic 
cells, expression levels of A-type lamins, lamin A, C, and AΔ10 is connected with the 
differentiation of the cells, lamins B3 and C2 are expressed only in male germ cells [16–
18].  
1.1.2 The linker of nucleoskeleton and cytoskeleton complex 
As the name suggests, the linker of nucleoskeleton and cytoskeleton (LINC, Figure 1) 
complex physically connects the NL network with the cytoskeleton by interactions 
between INM SUN domain proteins and ONM KASH domain proteins (nesprins) in the 
PNS between the two membranes of the NE [19,20]. SUN (Sad1 and UNC-84) domain 
proteins are highly preserved in all eukaryotic cells. Five genes are encoding SUN domain 
proteins in mammals; the most expressed ones are SUN1 and SUN2, found in most of the 
nucleated cells. N-terminal regions of the SUN domain proteins in the nucleoplasm bind 
lamins, chromatin-binding proteins, and other INM proteins, and the C-terminal in the 
PNS binds KASH domains. SUN domain proteins are assembled into trimers, creating 
KASH-domain binding pockets that enable tethering of the KASH domain proteins, 
preventing them from diffusing out of the ONM into the ER. In mammals, there are six 
known KASH (Klarsicht, ANC-1, SYNE, Homology) domain proteins, which (with their 
cytoplasmic N-terminal region) bind all three cytoskeleton networks: microtubules, actin, 
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and intermediate filaments. Therefore, LINC complexes, crossing both NE membranes, 
provide a direct trans-cisternal mechanical connection between the nucleoplasm and the 
plasma membrane and the cytoskeleton [6,20,21].  
The LINC complex is also involved in many fundamental cellular and developmental 
processes as nuclear positioning, cell migration, chromosome organization, and 
differentiation. [19,22,23]. It is essential for the migration and nuclear movement of 
myoblasts [24], which are important for the development and repair of the muscles, and 
migration and nuclear movement of fibroblasts [25]. The major role is played by members 
of the LINC complex nesprin-2G and SUN2 (depletion of either of them prevents nuclear 
movement), which form structures of linear arrays, colocalizing with actin cables on the 
surface of NE, named transmembrane actin-associated nuclear (TAN) lines [26]. TAN 
lines couple the nucleus to the actin filaments and thus allow its rearward movement, 
which orients the centrosome toward the leading edge of the cell [24–26]. The efficient 
nuclear movement also requires anchoring by A-type lamins [27] and the presence of 
spindle-associated membrane protein 1 (Samp1, see section 1.2.2) [25].  
 
1.2 Nuclear envelope transmembrane proteins 
In multicellular organisms, there are numerous proteins localized at the NE. Integral 
proteins of NE are called NE transmembrane proteins (NETs). After discovering 
mutations in genes encoding NE proteins, causing human diseases, several NETs have 
been found and characterized [28]. Some of them are ubiquitously expressed, while the 
expression of the majority is more tissue-specific (only 17% of the NETs are shared 
between liver, muscle, and leukocytes [29]) and depends on the differentiation stage. 
Sequences of tissue-specific NETs are usually less conserved, which indicates later 
evolvement of more specific functions [28]. Tissue specificity of the NETs could also 
explain why their mutations are causing clinically unrelated tissue-specific pathologies 
[30]. Interestingly, there are many known cases involving tissue-specific defects that 
show functional compensation of one NET with high levels of other NET(s) [31]. The 
most studied NETs include SUN domain proteins, LEM (LAP2β, emerin, MAN1) domain 
proteins, and the lamin B receptor (LBR), which are all helping to tether chromatin to the 
NL (Figure 1) by binding NL, chromatin, or chromatin-binding proteins [6,32,33].  
1.2.1 Emerin 
Emerin is a small (29 kDa), ubiquitously expressed NET protein, mostly localized at the 
INM. It consists of a long N-terminal nucleoplasmic part and a short C-terminal 
transmembrane domain. It is encoded by EMD, located on chromosome Xq28. Mutations 
in EMD are responsible for X-linked Emery-Dreifuss muscular dystrophy (EDMD) [34]. 
Emerin has a well-conserved LEM domain, which directly binds to the barrier to 
autointegration factor (BAF), a conserved DNA-binding protein [35–37]. Emerin is a 
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dynamic protein, not only localized at the INM but also at the peripheral ER and at the 
ONM, where it interacts with β-tubulin, anchoring the centrosome to the ONM. Depletion 
of emerin causes a detachment of the centrosome away from the NE, a common 
phenotype in EDMD patients’ cells [38]. Emerin plays a significant role in nucleoskeletal 
mechanotransduction and nuclear structure, gene regulation, signaling, chromatin 
condensation, organization, and epigenetic modification [37]. All of these functions are 
achieved by binding to the numerous protein partners. These include A-type lamins and 
Samp1, which are crucial for emerin’s localization to the NE [39–41], β-tubulin [38], 
MAN1 [42], BAF [43], proteins of the LINC complex (SUN1, SUN2) [22], and histone 
deacetylase 3 (HDAC3), chromatin silencing protein [44].  
1.2.2 Spindle-associated membrane protein 1 (Samp1) 
Samp1 is a highly conserved NET, localized in INM in human cells. During mitosis, most 
of Samp1 is dispersed around the ER, but a fraction localizes to the mitotic spindle, which 
is why it was named spindle-associated membrane protein 1 [41]. It is conserved in 
metazoa and fission yeast and has been called NET5 in rat liver [45], inner microtubule-
organizing center attachment site protein 1 (Ima1) in Schizosaccharomyces pombe [46], 
and Ct.Samp1 in Chaetomium thermophilum [39]. There are three different splice variants 
of Samp1 (see Figure 2): Samp1a, the shortest isoform with 392 amino acids (aa) and 
43 kDa [41], Samp1b, with 566 aa and 62 kDa [40], and Samp1c, the longest isoform 
with 666 aa and 75 kDa. Samp1 has a large nucleoplasmic N-terminal with a hydrophobic 
domain, followed by four conserved CXXC (C=cysteine, X=any aa) motifs that have the 
potential to form two zinc fingers and bind DNA/RNA and/or proteins. Samp1a and 
Samp1b have four transmembrane segments and nucleoplasmic C-terminal, whereas 
Samp1c has five transmembrane segments and its C-terminal in the PNS. As a result of 
alternative splicing, Samp1a has a unique sequence SEKQP (instead of FFPGD as the 
longer variants) at its C-terminal.  
Expression levels of Samp1 vary between different cell types and tissues, with high 
expression in the muscles, brain, and testis [47,48]. Samp1 is required for muscle 
differentiation. Levels of Samp1 increased seven-fold during myogenesis of mouse 
C2C12 muscle progenitor cells. Knock-down (KD) of all isoforms of Samp1 by shRNA 
blocked the formation of myotubes and prevented myogenesis, which could be rescued 
by ectopic expression of (shRNA resistant) human Samp1a [49]. Ectopic expression of 
Samp1 induced a fast differentiation of human-induced pluripotent stem cells (iPSCs) 
despite using pluripotent culturing conditions, suggesting its involvement in early 
differentiation of iPSCs [50]. In human osteosarcoma cell line U2OS knock-out (KO, 
CRISPR/Cas9 mediated gene editing) or KD (by RNAi) of Samp1 resulted in a decrease 
of heterochromatin at the nuclear periphery; over-expression had the opposite effect with 
the increase of peripheral heterochromatin, suggesting that Samp1 promotes peripheral 
chromatin [51]. In human fibrosarcoma cells HT-1080 Samp1 has been shown to promote 
the repositioning of chromosome 5 to the periphery [47]. In Schizosaccharomyces pombe, 
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it has been suggested that Ima1 (Samp1 homolog) helps the coupling of centromeric 
heterochromatin to the nuclear periphery; depletion leads to defects in the positioning of 
centromeres to the NE [46]. These findings illustrate a significant impact of Samp1 on 
chromatin organization and tethering heterochromatin to the nuclear periphery.  
Samp1 is also required for anchoring of centrosomes close to the nucleus [41], it is a 
component of TAN lines, and is required for efficient nuclear movement and cell 
migration, which suggests Samp1 close involvement in the regulation of the LINC 
complex [25]. Samp1 interacts with SUN2 and lamin A/C in fibroblasts [25], with SUN1, 
lamin B1, and directly binds with emerin and Ran, according to membrane cross-linking 
immunoprecipitation (MCLIP) experiments in U2OS cells [52],  pull-down experiments, 
and microscale thermophoresis [39,53].  
Samp1 interaction with emerin and lamin A is particularly interesting since mutations in 
both proteins are linked to the EDMD. At the beginning of the year, three novel mutations 
(glycine substitutions) in Samp1 (p.G15A, p.G18S, and p.G597S) were identified in 
patients with EDMD (see section 1.4) [54]. 
 
 
Figure 2: Membrane topology of Samp1 isoforms. Samp1 has three isoforms: Samp1a, Samp1b, and 
Samp1c. Samp1a (1–392 aa) has a unique sequence (shown in grey) in the C-terminal, while Samp1b (1–
566 aa) and Samp1c (1–666 aa) have SEKQP sequence instead (not shown). The nucleoplasmic N-terminal 
contains a hydrophobic part (shown in blue) and four CXXC motifs (yellow). The EDMD mutations of 




In the eukaryotic cell, the genomic DNA is organized and packed into a large complex of 
DNA and proteins called chromatin. Chromatin consists of two different forms, which 
are differently compartmentalized in the nucleus. The electron-dense form, which is more 
compact and transcriptionally silent, is called heterochromatin and is localized at the 
nuclear periphery and around nucleoli. The less electron-dense form, which is loosely 
packed and transcriptionally more active, is called euchromatin, and is localized in the 
nuclear interior [6,56–58].  
Negatively charged DNA is wrapped around positively charged histones arranged into an 
octamer, consisting of two of each core histone proteins (H2A, H2B, H3, and H4), 
forming a nucleosome, which can be described as "beads on a string", and presenting the 
first level of chromatin organization. The nucleosomes are further stabilized by the linker 
histone H1 into more condensed fibers, making the second level of chromatin 
organization [58,59]. 
Organization and regulation of chromatin are essential for genome stability, gene 
expression, and the cell's function and specialization. The configuration of chromatin can 
be regulated by DNA methylation, core histone post-translational modifications (PTMs), 
and different histone variants, which are (besides non-coding RNAs) important for the 
epigenetic regulation of the genome [56,58].  
1.3.1 DNA methylation 
DNA methylation is the most studied epigenetic process. It plays an essential role in the 
monoallelic expression of imprinted genes in X-chromosome inactivation in females, 
repression of transposons, aging, cancer [60,61]. DNA methylation involves the covalent 
transfer of the methyl group to the C5 position of the cytosine ring, catalyzed by DNA 
methyltransferases. Methylation occurs within CpG dinucleotides (Cytosine followed by 
Guanine nucleotide in 5’ to 3’ direction), which are enriched in CpG islands. There are 
two mechanisms of catalysis involving maintenance of the methylation pattern of the 
replicated DNA and de novo methylation of previously not methylated sites, respectively 
[62,63]. Demethylation of CpG dinucleotides can be achieved replication-dependently by 
repression of DNA methyltransferases or actively with the help of ten-eleven 
translocation proteins [64]. Methylation of CpG sites of promoters, enhancers, or other 
regulatory regions of a gene promotes down-regulation of its activity [61,62].  
1.3.2 Histone variants 
Most histones are encoded by genes lacking introns, existing in multiple copies in so-
called histone clusters [65], with highly regulated expression. Their incorporation into 
nucleosomes is DNA synthesis-dependent, which means that they are being deposited 
only onto newly replicated DNA during the S phase of the cell cycle. Numerous histone 
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variants are independent of the cell cycle regulation and can incorporate into chromatin 
regardless of the DNA replication. They are encoded by genes, present in a low number 
of copies, outside of the histone clusters. These different core histone variants differ from 
replication-coupled histones only by a few amino acids. Still, even these small differences 
can be recognized by the histone chaperones that help with the proper folding, deposition, 
and dynamic exchange of the histones [59,66].  
For instance, replicative H3.1 and H3.2 (commonly referred to as H3) differ from the 
H3.3 variant only by four or five amino acids, which allow depositing of H3.3 into 
chromatin in a replication-independent manner to the regions with (potentially) active 
transcription [67–69]. Since different histone variants are replication-independent, they 
can have a massive impact on the chromatin state and influence replication, 
recombination and repair of DNA, regulation of transcription, and nucleosome stability 
[70]. 
1.3.3 Post-translational modifications of histones 
As earlier described, there are two forms of chromatin: euchromatin and heterochromatin, 
which differ in compaction and accessibility. Another important mechanism to achieve 
epigenetic gene regulation is PTM of the histone tails, called histone marks or histone 
codes. Besides the regulation of transcription, PTMs are also involved in processes such 
as DNA repair, replication, specialization, and cell differentiation. Most common PTMs 
are acetylation, methylation, phosphorylation, and ubiquitination [71,72].  
The best-studied are PTM of the N-terminal tail of the histones, which are accessible on 
the histones' surface [72]. Acetylation of the lysine residues is a typical marker for 
transcriptionally active chromatin (e.g., H3K27ac, H4K8ac, H4K16ac). It reduces the 
positive charge of histones and, with this, the interaction of histone tails with the 
negatively charged DNA. Acetylation is achieved by histone acetyltransferases (HATs), 
which add acetyl groups on the lysine residues of histones. These can be removed by 
another group of enzymes called histone deacetylases (HDACs). Other typical marks for 
euchromatin are di- and tri-methylation of Lys4 of H3 (H3K4me2/me3) and ubiquitination 
of Lys123 of H2B (H2BK123uq). Methylation and ubiquitination are, in comparison to 
acetylation, not always associated with euchromatin. For instance, H3K9me3, H3K27me3, 
and H4K20me1/me3 are heterochromatin specific marks, and ubiquitinated H2A at 
Lys119 (H2AK119uq) is also a marker for transcriptional repression [69,71–73]. 
Depending on the number of repressive histone marks, it is possible to distinguish two 
different forms of heterochromatin. Constitutive heterochromatin is located in 
centromeric and telomeric regions of chromosomes, rich in repetitive DNA elements, and 
facultative heterochromatin is found in other regions of chromosomes. While constitutive 
heterochromatin is stable (it does not change during the development; all the cell types 
have the same DNA regions packed into the constitutive chromatin), the facultative form 
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of heterochromatin is cell-specific and reversible, having an important role in cell lineage 
development and differentiation [74,75].  
1.3.4 Tethering chromatin to the nuclear periphery 
Chromatin has unique compartmentalization in the interphase nucleus, with the 
heterochromatin (condensed, transcriptionally silent gene-poor regions) mostly found in 
the periphery and euchromatin (loosely packed, transcriptionally active gene-rich 
regions) in the nuclear interior. However, there is an exception found in the nuclei of rod 
photoreceptor cells of nocturnal mammals, where the positions of hetero- and 
euchromatin in the nucleus are inverted. In that way, condensed heterochromatin in the 
center can act as a microlens, focusing light and reducing the light loss for better night 
vision [76,77]. This exception has become a crucial model for studying nuclear 
organization, including mechanisms of heterochromatin tethering. There are two distinct 
mechanisms of tethering: LBR-dependent B-tether and lamin-A/C-dependent A-tether. 
In various cell types of mammals, there is always at least one present; the deletion of both 
causes disruption of heterochromatin tethering to the NE and results in the inverted nuclei, 
similarly as in the rod photoreceptor cells of nocturnal mammals. A-tethering is more 
characteristic for differentiated cells while developing tissues rely more on the 
B-tethering [48,77–80].  
Numerous genome mapping experiments showed unique domain-like patterns of 
interactions between genomic regions and the NL, termed lamina-associated domains 
(LADs) [81,82]. Genes in LADs are mostly transcriptionally silent or expressed at low 
levels and enriched in repressive histone marks. Several NETs bind LADs and help with 
tethering to the nuclear periphery [33,81,83]. For instance, LBR binds to some 
heterochromatin marks and heterochromatin associated proteins like heterochromatin 
protein 1. Besides LBR and lamin A/C, several other INMs are involved in tethering 
chromatin to the nuclear periphery. LEM-domain proteins LAP2β, emerin, and MAN1 
promote peripheral heterochromatin formation by binding BAF [44,80], emerin and 
LAP2β also promote chromatin silencing by interactions with HDAC3 [44,84]. Through 
these numerous interactions, NETs achieve a higher local concentration of 
heterochromatin-promoting proteins at the NE, resulting in the repression of chromatin at 
the nuclear periphery [33]. 
The spatial arrangement of chromosomes in the interphase nucleus is generally non- 
random; each chromosome occupies its own chromosome territory [85]. In the cells of 
Drosophila melanogaster and of many plants, there is a unique polarization of 
chromosomes called Rabl configuration [86,87] (described in 1885 by Rabl) with the 
centromeres and telomeres grouped together at the opposite sides of the nucleus [85,88]. 
In mammalian cells, chromosomes are positioned in a radial distribution, with gene-poor 
chromosomes localized more towards the nuclear periphery. For instance, radial 
positioning of chromosome 19 and 18 in the nuclei of lymphocytes has been evolutionary 
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conserved over 30 million years, with the localization of the most gene-dense 
chromosome 19 in the nuclear interior and the most gene-poor chromosome 18 in the 
periphery [89–91]. However, while some chromosomes occupy the same territory in 
different types of cells, others have a different spatial organization in the cells of various 
tissues. For instance, chromosomes 12 and 14 have the same position in the nuclei of 
small lung and liver cells of mice, while chromosomes 5, 6, and 15 have different 
positioning. In general, cell types of the same differentiation pathway have a more similar 
position of chromosomes (e.g., large and small lung cells from mice have the same 
distribution of all their chromosomes, lymphoblasts and myeloblasts differ only in the 
position of chromosome 5) [85].  Further investigations are needed to understand how the 
positioning of the same chromosomes in nuclei can have such high variations among cells 
of different tissues. Nevertheless, it is believed to be connected with the tissue-specific 
NE proteome since overexpression of tissue-specific NETs can cause repositioning of 
some chromosomes [47].   
1.3.5 Cell differentiation and chromatin reorganization  
Although all cells of an organism have the same DNA sequence and arise from one single 
fertilized egg, a remarkable diversity of different cell types with unique morphology and 
functions are developed. Cell fate depends on the expression of cell type-specific genes 
at the right time, and it correlates with the formation of more structured and condensed 
chromatin around the nuclear periphery and nucleolus. Differentiation of cells is, 
therefore, accompanied by chromatin reorganization [32,69,92].  
Differentiation is a constant process in a living organism with all the cell types (except 
for neurons and cardiomyocytes) being continuously renewed by differentiation of stem 
cells, but it is even more significant during the development. After fertilization, the zygote 
develops into a blastocyst with inner cell mass (ICM), consisting of pluripotent cells, 
which (after the implantation of the embryo) form the three germ layers: ectoderm, 
mesoderm, and endoderm [93]. If the ICM cells are removed from the embryo and 
cultured under particular conditions (with specific transcription factors that repress 
differentiation) in vitro, they can maintain the pluripotency and become embryonic stem 
cells (ESCs), capable of self-renewal [94]. While ESCs are pluripotent, capable of 
generating all cell types, adult stem cells are only multipotent and can only differentiate 
into restricted lineages [95].  
Chromatin in nuclei of pluripotent cells is loosely packed and hyperdynamic, without 
significant regions of heterochromatin [96]. Comparison of genome-wide chromatin 
interactions maps (developed by high-resolution chromosome conformation capture, 
Hi-C) of human ESCs and four human ESC-derived lineages showed extensive chromatin 
reorganization during lineage specification. In total, 36% of the genome switched 
between active and inactive chromosomal compartments in at least one cell type. Some 
of the ESC-derived cells showed an expansion of inactive compartments and repressive 
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heterochromatin modifications upon differentiation. Besides, many of the active/inactive 
transitions are lineage-restricted, and lineage-restricted active compartment regions 
contain more lineage-restricted genes than the other regions [97]. During myogenesis, 
NET39 drives repositioning of chromosome 8 from the nuclear interior to the nuclear 
periphery and together with other muscle-specific NETs (Tmem38A and WFS1) facilitate 
repression of other specific myogenic genes by directing them to the nuclear periphery 
[98]. Major nuclear repositioning of adipogenesis specific genes was also observed during 
adipogenesis, with one chromosome (composing of several genes, associated with 
adipogenesis) relocating from the nuclear periphery to the nuclear interior, and some other 
chromosomes relocating to different extends [99]. 
Spatial repositioning of genes was also observed during neurogenesis. An important 
proneural regulator gene Mash1 is positioned in the nuclear periphery and repressed in 
ESCs, but upon neural induction gets relocated towards the nuclear interior and 
transcriptionally upregulated [100]. In another Hi-C study, they mapped 3D chromatin 
organization during neural differentiation (by comparing ESCs, neural stem/progenitor 
cell (NSPCs), and cortical neurons). Their Hi-C data again showed a global 
reorganization in chromatin interactions during differentiation [101]. NSPCs reside in the 
subventricular zone of the lateral ventricles and subgranular zone in the dentate gyrus of 
the hippocampus of the adult mammalian brain. They are responsible for neurogenesis 
and plasticity of the brain throughout life. Upon exquisite regulation, NSCs can 
proliferate and give rise to neurons and glial cells [102,103]. Adult neurogenesis is 
extrinsically modulated by the environment, physiological, and pharmacological stimuli, 
and intrinsically controlled by epigenetic mechanisms that help the cells to undergo a 
serial of transition stages of neuronal differentiation. The transcription of genes is 
precisely induced or repressed, which requires global reorganization in chromatin 
interactions during differentiation  [101,104,105]. As the epigenetic mechanisms are 
fundamental for different stages of neurogenesis, epigenetic dysregulation can contribute 
to the pathogenesis of various brain disorders, including neurodegenerative (Parkinson’s 









1.4 Emery-Dreifuss muscular dystrophy  
Emery-Dreifuss muscular dystrophy (EDMD) was firstly mentioned in 1902, by Cestan 
and Lejonne as muscular dystrophy with early contractures. The disease got its official 
name as EDMD in 1979 [107] after Emery and Dreifuss, who first described it more in 
detail in 1955 [108]. It is an inherited muscle disorder, clinically characterized by a triad 
of early contractures of joints, progressive muscular weakness, and cardiac disease. It is 
one of several conditions caused by mutations in genes encoding NE proteins, called 
envelopathies or laminopathies [109].  
Most EDMD patients live normal in the first few years of life. Early symptoms are usually 
elbow and/or ankle contractures and already appear in the first decade of the patients' life, 
becoming more severe during the adolescent growth spurt. In the second decade of a 
lifetime, the disease progresses to muscle weakness and atrophy development, most 
commonly including neck weakness, sparing of facial muscles, upper arms, and lower 
legs are also affected in the majority of the cases. Cardiac problems develop after the 
second decade of life, starting with palpitations and conduction defects, often leading to 
heart failure [110,111].  
EDMD is triggered by genes encoding NE proteins. There are three most common forms 
of inheritance: X-linked recessive (X-EDMD), caused by mutations in EMD (gene, 
encoding emerin), autosomal dominant (AD-EDMD), and autosomal recessive 
(AR-EDMD), which are both caused by mutations in the LMNA gene, encoding 
lamin A/C [6,34,111]. More than half of the patients diagnosed with EDMD do not have 
mutations in these genes. Many mutations are found in other NE proteins (e.g., SYNE1, 
SYNE2, FHL1, TMEM43, SUN1/2, nesprin-1/2, TTN), causing EDMD or EDMD-like 
phenotypes, but recent findings suggest that there are still many more to be found [111–
114]. 
Despite connections between mutations in genes encoding NETs and the EDMD, the 
mechanism of the disease remains unclear as these NETs are involved in both mechanical 
stability and genome regulation [112–119]. There are several difficulties in explaining 
how ubiquitously expressed proteins (as lamin A/C and emerin) can cause tissue-specific 
pathologies. In a recent study, 56 unlinked EDMD symptoms-like patients were 
sequenced to test for mutations in more than 300 genes [54]. There were numerous novel 
mutations discovered, many in genes encoding for NETs that have a significant role 
during myogenesis. Shared functions of many muscle-specific NETs lead to the question 
of whether they are all working together in the same pathway towards EDMD 
pathophysiology [54,98].  
1.4.1 Samp1 in Emery-Dreifuss muscular dystrophy 
In this recent study, three of the identified EDMD-connected mutations (in combination 
with mutations in other genes) were found in the TMEM201 gene, encoding Samp1 
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(p.G15A, p.G18S, and p.G597S) [54]. The first two mutations affect all three isoforms of 
Samp1 and are positioned in the hydrophobic region of the N-terminal. The third mutation 
only affects the longest isoform, Samp1c, between transmembrane 4 and 5 (see Figure 1). 
All three mutations are substitutions of glycine with alanine or serine. It is known that 
glycine has a destabilizing effect on alpha-helixes; therefore, it is possible that the 
mutations could have a stabilizing effect on the Samp1 structure.  
Interestingly, depletion of Samp1 results in a detachment of the centrosome from the NE 
[40,41], the same as it has been seen in EDMD patient cells, cells depleted of emerin, 
lamin A/C, SUN1/2, and nesprin-1/2, all of which have been shown to cause EDMD when 
mutated [38,111–114]. Samp1’s importance for the nuclear movement during fibroblast 
migration [25], its role in myogenesis [49], positioning the centrosome close to the NE 
[41], interactions with NL, LINC complex proteins, emerin [25,52,53,120], and its 
mislocalization in AD-EDMD patients [120], all suggest that Samp1 could play an 
essential role in the pathogenesis of EDMD. 
 
1.5 Methodological considerations 
1.5.1 Cell types 
Four different cell lines were used for the experiments: HeLa human cervical tumor cells, 
PC6-3 rat adrenal pheochromocytoma cells, SH-SY5Y human neuroblastoma cells, and 
U2OS human osteosarcoma cells. 
HeLa cells were derived from cervical carcinoma cells from a 31-year-old patient 
Henrietta Lacks in 1951 and became the first immortal human cell line. With its 
worldwide use not only as a laboratory model of cancer but also in countless other studies 
in a wide range of scientific research, HeLa cells are still the most widely used human 
cancer cell line [121].  
SH-SY5Y is a neuroblastoma cell line, a subline of the parental line SK-N-SH, 
established from a bone marrow biopsy obtained from a 4-year-old girl with 
neuroblastoma. SH SY5Y cells consist of substrate adherent (S-type) and neuroblastic 
(N-type) cells [122]. Undifferentiated SH-SY5Y cells have non-polarized bodies with a 
few short neurites. They like to grow in clusters and on top of one another, forming 
clumps. Differentiated SH-SY5Y cells do not cluster and have more pyramidal-shaped 
cell bodies. There are many ways to differentiate SH-SYSY cells, the most common is 
induction with the retinoic acid (RA), which leads to differentiation into a mature 
cholinergic neuron phenotype and a decrease in the proliferation rate [123] .  
PC6-3 cells are a subline of the PC12 cell line, derived from a rat pheochromocytoma 
[124]. PC6-3 cells grow as single isolated cells and have a good morphological response 
to nerve growth factor (NGF), they extend neurites and become nonmitotic. The subline 
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was established for studies of programmed neuronal cell death, which is induced by the 
withdrawal of NGF [125]. Since PC6-3 cells have less tendency to form aggregates and 
can be transfected with higher efficiency, compared to their parental PC12 cell line [126], 
they can serve as a good model for neuronal differentiation.  
The human U2OS is one of the oldest human cell lines, derived from a biopsy obtained 
from the tibia of a 15-year-old girl with moderately differentiated osteosarcoma in 1964 
[127]. U2OS cells are adherent, epithelial-like cells with large nuclei, suitable for cell 
imaging. According to ATCC®, the cell line is chromosomally highly altered, with 
chromosome counts in the hyper-triploid range. 
1.5.2 Fluorescent ratiometric imaging of chromatin 
Fluorescent ratiometric imaging of chromatin (FRIC) is an image analysis tool to monitor 
dynamic chromatin distribution in the cells quantitatively [51]. It uses histones 3.3-EGFP 
and H2B-mCherry (cloned into the pTandemH vector that assures stoichiometrically 
constant expression, Figure 3) as markers for euchromatin and general chromatin, 
respectively [68,128,129]. As has been mentioned before (see section 1.3.2), H3.3 histone 
is a variant of H3 and can deposit into chromatin in a replication-independent manner to 
the regions with (potentially) active transcription. Therefore, it can be used as a marker 
for euchromatin. Results of chromatin immunoprecipitation (ChIP) and quantitative 
imaging experiments show that, relative to canonical H2B, FP-tagged H3.3 is enriched in 
regions with active chromatin marks and low in regions with repressive marks [128,129]. 
It has also been shown that promoter activity is not required to replace H3 with FP-tagged 
H3.3 [130]. FP-tagged H2B enables imaging of generalized chromatin at a high resolution 
without disturbing the cell cycle or intracellular structures [131]; therefore, it is an 
efficient marker for general chromatin.  
FRIC method requires taking images of nuclei, expressing pTandemH vector, under a 
fluorescent microscope. A program is used to normalize the expression levels in-between 
cells and the variance between the two channels. By dividing H3.3 by H2B channel, the 
program develops a ratio image, showing the relative epigenetic state of chromatin, were 
the low ratio (dark) indicates heterochromatin, and high ratio (bright) indicates 
euchromatin. The nucleus is then divided into 40 concentric zones of equal width and the 
mean values of each zone are plotted from the periphery to the interior to get a radial 
profile, showing the quantitative distribution of chromatin. 
The concept that FRIC accurately measures the epigenetic state of chromatin was proven 
with the use of agents that manipulate histone acetylation. According to the expectations, 
inhibition of histone acetylation resulted in an increase of heterochromatin at the nuclear 
periphery, and inhibition of histone deacetylation had the opposite effect, a decrease of 
peripheral heterochromatin. To prove the usefulness of FRIC in the analysis of 
pathological conditions, progerin, a mutated version of a pre-lamin A that causes 
Hutchinson–Gilford progeria syndrome, a premature aging disease that disrupts the 
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nucleoskeleton and causes a loss of heterochromatin from the nuclear periphery 
[132,133], was also used. FRIC analysis of the cells, expressing progerin, displayed a loss 
of heterochromatin and structural organization in the nuclear periphery, again proving 
that FRIC correctly monitors epigenetic changes in the nuclear periphery [51]. 
1.5.3 Gene knock out using CRISPR/Cas9 mediated genome editing 
CRISPR/Cas is a complex of CRISPR-associated proteins (Cas) and CRISPR (Clustered 
regularly interspaced short palindromic repeats) RNAs (crRNAs) found in bacteria and 
archaea that provides an immune resistance towards foreign nucleic acids, which are then 
recognized and cleaved [134]. Based on this complex capacity, researchers developed a 
robust CRISPR/Cas9 system for high-efficiently genome editing, with which Cas9 
(cleaving enzyme) and synthetic single-guide RNA (sgRNA) are delivered into a cell of 
interest and site-specifically cut their DNA, allowing removal, addition or change of 
specific genes [135–137].  
With the use of the CRISPR/Cas9 system, it is possible to site-specifically make a double-
strand break, which promotes nonhomologous end-joining (NHEJ) in which the broken 
ends are rejoined without the use of a homologous template. NHEJ creates frameshift 
mutations, so if it occurs in a region of functional DNA sequence, it leads to the KO of 









Our understanding of nuclear envelope organization is still poorly understood. Lately, it 
has been attracting a lot of attention, since many mutations in the proteins of the nuclear 
envelope have been linked to several human diseases called envelopathies or 
laminopathies, which include a well-known aging related disease Hutchinson-Gilford 
progeria syndrome and Emery-Dreifuss muscular dystrophy (EDMD), the first disease 
that was linked to the nuclear envelope proteins (NETs). Until now, hundreds of NETs 
have been identified, many of these causing cellular defects when mutated, showing a 
critical function for mechanical stability and genome regulation. Nonetheless, only a few 
of them have been characterized.  
This thesis is focused on increasing our knowledge about the functional organization of 
the nuclear envelope and its proteins during differentiation and disease.  
 
Hypotheses: 
• With the use of FRIC it is possible to observe even small differences in chromatin 
organization in the late-stages of differentiation. 
• Samp1 promotes peripheral heterochromatin and plays an important role in 
neuronal differentiation. 
• Samp1 mutations, linked to Emery-Dreifuss muscular dystrophy (EDMD), affect 






3 Materials and Methods  
3.1 DNA constructs 
Plasmid pTandemH [51] was designed by cloning two fluorescent protein (FP)-tagged 
histones H2B-mCherry and H3.3-EGFP into the pTandem-1 Vector (Novagen, 71283-3) 
with two separate multiple cloning sites on both sides of an internal ribosome entry site. 
Thus, the expression of the two FP-tagged histones is controlled by the same promoter, 
enabling stoichiometric constant expression (Figure 3). 
 
Figure 3: pTandemH plasmid. The image is showing the bicistronic tandem vector pTandemH for 
stoichiometrically constant expression of H2B-mCherry and H3.3-EGFP [51].  
For designing YFP-Samp1a plasmid full-length Samp1a, encoded by cDNA, was ligated 
into pEYFP-C1 plasmid.  
3.2 Site-directed mutagenesis 
For developing YFP-Samp1 (1–180) and Samp1a mutants, site-directed mutagenesis of 
YFP-Samp1a plasmid was done using the QuikChange II XL Site-Directed Mutagenesis 
Kit (Agilent Technologies, 200521) with the following primers: 
YFP-Samp1 (1–180):   
Forward: 5'–CGCCAGCTGCGCGCCCTGTAACTCAGCCAGCAGTTCAAG–3' , 
Reverse: 5'–CTTGAACTGGTGGCTGAGTTACAGGGCGCGCAGGCTGCG–3', 
Mutant 1:  
Forward: 5'–CCCCACGGCCGCCCTGGCCGGCG–3',   
Reverse: 5'–CGCCGGCCAGGGCGGCCGTGGGG–3',  
Mutant 2:   
Forward: 5'–GCCGGCCTGGCCAGCGGCCTGGGGG–3',   
Reverse: 5'–CCCCCAGGCCGCTGGCCAGGCCGGC–3'.   
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3.3 Imaging programs in CellProfiler 
All the described programs in the following were designed using CellProfiler version 
3.1.9 (Broad Institute of MIT and Harvard, Cambridge, MA) [139].  
The radial profiles were calculated as previously described [51]. CellProfiler was 
programmed to segment images using an automatic image thresholding strategy by 
selecting only the objects, not touching the borders of the images, which were above 100 
pixels in diameter. Image quality was measured; images where PercentMinimal and 
PercentMaximal exceeded 0.2 or the Otsu-threshold exceeded 0.15 were removed. 
Images were then normalized by dividing each channel by their mean intensities and 
variation of each segmented nuclei. The normalized H3.3-EGFP channel was divided by 
the normalized H2B-mCherry channel, creating a ratiometric image. The nuclei were then 
divided into 40 or 20 concentric zones of equal width. The intensity distributions of the 
ratio were plotted as a radial profile by mean values for each zone. The 75th percentiles 
of the ratio H3.3-EGFP/H2B-mCherry and the inverse ratio (H2B-mCherry/H3.3-EGFP) 
intensities were subtracted from the ratio and inverse ratio images to create the 75th 
percentile of the ratio and the 75th percentile of the inverse H3.3-EGFP/H2B-mCherry 
ratio, respectively. 
The Samp1 levels were calculated by segmenting the nuclei using Draq5 staining and 
increasing the object size with 3 pixels, to include the NE. 
For measuring centrosome distances to the nuclei, images were segmented by the nuclear 
stain channel (Draq5) and the automatic image thresholding strategy by selecting objects 
(nuclei) above 180 pixels in diameter, not touching the image border. The cytoplasm was 
defined by expanding these objects for 60 pixels. Centrosomes were defined by removing 
the 75th percentile of the centrosomes' stain (pericentrin) channel's intensity and 
segmenting objects between 5–20 pixels. The minimal distances between the nuclei and 
the centrosomes in the cytoplasm were then calculated. Results were also verified by 
manual counting the centrosome–nucleus distances using Fiji (ImageJ) [140–142]. 
The nuclear size was calculated by segmenting the nucleus as described above and 
measuring the area of the nucleus. 
3.4 CRISPR/Cas9 mediated generation of the KO-Samp1 cell lines 
For the generation of a polyclonal KO-Samp1 PC6-3 cell line with the use of 
CRISPR/Cas9 mediated genome editing, the oligos were phosphorylated, annealed, and 
ligated into the pSpCas9(BB)-2A-Puro (PX459) V2.0 vector (Addgene) according to 
previously described methods [143]. Constructs were sequenced for confirmation. Target 
sequence sgRNA4 (GGAGGGAGTGAGCGFG-CTGC) was chosen using the 
E-CRISPR online application (German Cancer Research Center) [144] for having the 
highest score (the lowest off-target probability) and for targeting the first exon in the 
Samp1 gene. One scrambled sequence (GCACTACCAGA-GCTAACTCA) with low 
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homology to the rat genome was chosen as the control. PC6-3 cells were transfected with 
the plasmids, encoding puromycin resistance, and scrambled sgRNA control or 
KO-Samp1 sgRNA4. The cells went through a selection with 0.5 µg/ml puromycin for 3 
days. Expression of Samp1 was checked using both immunofluorescence and western 
blot analysis after 2–5 weeks. 
The steps of generating a monoclonal KO-Samp1 U2OS line that we used had been 
previously published [51]. 
3.5 Cell cultures and treatments 
Four different cell lines were used for the experiments: HeLa (ATCC® CCL-2™) human 
cervical tumor cells, PC6-3 rat adrenal pheochromocytoma cells (CVCL_7101), 
SH-SY5Y (ATCC® CRL-2266™) human neuroblastoma cells, and U2OS cells 
(ATCC® HTB-96™). 
HeLa and U2OS cells were cultured in the Dulbecco's modified Eagle's medium (DMEM, 
Gibco™, 41965-062), supplemented with 1% penicillin/streptomycin (Gibco™, 
10378-016), 10% fetal bovine serum (FBS, Gibco™, 10270-106) at 37 °C in a humidified 
atmosphere containing 5% CO2. The medium was changed every 3–4 days; cells were 
split at around 80–100% confluency.  
HeLa cells were treated with 10 μM anacardic acid (AA) in 1% ethanol (final 
concentration) for 1 h or 50 nM Trichostatin A (TSA) for 24 h. Control AA cells were 
treated with 1% ethanol (final concentration) for 1 h. 
PC6-3 cells were cultured in the Dulbecco's modified Eagle's medium (DMEM, Gibco™, 
41965-062), supplemented with 1% penicillin/streptomycin (Gibco™, 10378-016), 5% 
fetal bovine serum (FBS, Gibco™, 10270-106) and 10% heat-inactivated horse serum 
(Gibco™, 26050070) at 37 °C in a humidified atmosphere containing 5% CO2. The 
medium was changed every 3–4 days, and cells were split at around 80–100% confluence.  
SH-SY5Y cells were cultured in the Minimum essential medium (MEM, Gibco™, 
11095080), supplemented with 1% MEM Non-Essential Amino Acids Solution 
(Gibco™, 11140050), 1% L-glutamine (Gibco™, 25030081), 1% penicillin-streptomycin 
(Gibco™, 10378-016) and 10% heat-inactivated FBS at 37 °C in a humidified 
atmosphere containing 5% CO2. The medium was changed every 2–3 days, and cells were 
split at around 80% confluence.  
For immunofluorescence experiments, cells were plated in 6-well flat-bottom plates 
35 mm-diameter/well size (Corning Inc.) on glass coverslips. U2OS and HeLa cells were 
plated on the glass at a density of 5x104–3x105 cells/well, SH-SY5Y, and PC6-3 cells 
were plated on coverslips, coated with 1 μg/mL poly-D-lysine (Gibco, A3890401), at a 




PC6-3 cells were transfected using X-tremeGENE™ HP DNA Transfection Reagent 
(Sigma-Aldrich, 6366244001) and SH-SY5Y cells using X-tremeGENE™ 9 Transfec-
tion reagent (Sigma-Aldrich, 6365779001).  2:3 (DNA:Reagent) ratio with 2 μg of 
plasmid pTandemH and 3 μL of X-tremeGENE in serum-free medium was used, the 
suspension was incubated at room temperature (RT) for 30 min.  
For transfection of HeLa and U2OS cells with plasmids, X-tremeGENE™ HP DNA 
Transfection Reagent (Sigma-Aldrich, 6366244001) was used in a 1:1 (DNA:Reagent) 
ratio with 1 μg of plasmid and 1 μL of X-tremeGENE in serum-free medium, incubated 
for 30 min at RT.  
For post-transcriptional silencing of Samp1, U2OS and HeLa cells were transfected with 
HiPerfect (Qiagen, 301704) with 18 nM siRNA, incubated at RT in the serum-free 
medium for 30 min. The following sense sequences of siRNAs (Ambion) were used: 
Samp1 #1: 5’-GGAAGUGUUGACAGUGUGATT-3’, specific for the endogenous 
Samp1a (directed against the 3′UTR of Samp1 mRNA), and Samp1 #2: 
5’-GCGGCUGGAGUACUACATT-3’, targeting all endogenous Samp1 isoforms  
[41,145]. As the controls, scrambled siRNA (Invitrogen) was used in the same 
concentration.  
3.7 Differentiation of cells 
The cells were seeded out on poly-D-Lysine coated (1 μg/mL) coverslips (on day –2), 
transfected with pTandemH (on day –1), and differentiated (since day 0) for 5 days (the 
medium was changed on every second day).  
PC6-3 cells were differentiated in 75 ng/mL NGF (Bio-Techne, NBP2-76313) in 
supplemented DMEM medium. SH-SY5Y cells were differentiated in 10 μM RA (Merck, 
R2625) in 1% FBS-containing medium. Undifferentiated cells were cultured in the 
normal supplemented medium in the same way without NGF or RA. 
3.8 Immunofluorescence 
Cells were washed with Phosphate Buffered Saline (PBS; Gibco, 18912-014) and fixed 
in 3.7% paraformaldehyde for 20 min and permeabilized with 0.5% Triton X-100 in PBS 
(T-PBS) for 8–15 min. Cells were then washed with PBS four times and blocked in 2% 
bovine serum albumin in PBS (blocking solution) for 1 h. The coverslips were then 
incubated for 1 h or overnight with primary antibodies in blocking solution, washed with 
blocking solution four times, and incubated with secondary antibodies (and Draq5) for 
1 h. After the incubation with antibodies, coverslips were washed in 0.5% Tween-20-PBS 
four times and mounted in Fluoromount-G (SouthernBiotech, 0100-01).  
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Primary antibodies for immunofluorescence were rabbit polyclonal anti-Samp1a 
antibody (1:500) [41], mouse monoclonal anti-GFP antibodies (1:1000) from Invitrogen 
(A11122), rabbit monoclonal anti-GFP antibodies (1:1000) from Invitrogen (A21311), 
rabbit anti-H3K9me3 (1:500) from Abcam (ab8898), rabbit anti-pericentrin (1:1000) from 
Abcam (ab4448) and mouse anti-emerin (1:500) from Santa Cruz Biotechnology 
(sc-25284). Secondary antibodies for immunofluorescence were Alexa Fluor 488, Alexa 
Fluor 568, and Alexa Fluor 647 donkey anti-mouse and anti-rabbit antibodies 
(Invitrogen), diluted 1:4000. Draq5 (Thermo Scientific, 62251) was used as a nuclear 
stain, diluted 1:5000, and incubated together with the secondary antibodies. When 
secondary antibody Alexa Fluor 647 was used, Draq5 was not added to the incubating 
solution. 
3.9 Western blot 
Cells were rinsed with PBS, trypsinized, and centrifuged at 1 000 g for 5 min. The pellet 
was then washed and resuspended with cold PBS, centrifuged again, and resuspended in 
cold RIPA lysis buffer with fresh protease inhibitor cocktail (Roche) and sonicated (three 
times with 10 pulses, in-between every 10 pulses, put on ice for 2 min). Sonicated 
suspensions were centrifuged at 16 000 g for 25 min at 4 °C. Cellular protein amounts of 
supernatant were measured with Pierce™ BCA Protein Assay Kit (Thermo Scientific™, 
23225). Equal parts of proteins were then loaded onto 7.5% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene 
difluoride (PVDF) membrane (Bio-Rad, 1620177) after protein separation. The 
membrane was blocked with 5% milk in 0.1% T-PBS for 1 h at RT, incubated in rabbit 
polyclonal anti-Samp1 antibody (1:500) in 1% milk in 0.1% T-PBS for 3 h, washed three 
times with 5% milk in 0.1% T-PBS for 10 min, and incubated in horseradish-peroxidase-
coupled donkey antibody (1:5000) against rabbit whole immunoglobulins (IgGs, GE 
Healthcare, NA934) in 1% milk in 0.1% T-PBS for 1 h. After washing three times for 
10 min with 0.1% T-PBS, it was subjected to an enhanced chemiluminescent (ECL) 
horseradish peroxidase substrate SuperSignal™ West Pico PLUS Chemiluminescent 
Substrate (Thermo Scientific™, 34580). The emitted chemiluminescent signal was 
captured with Azure biosystems c600 imaging system (with CSeries Capture Software) 
and analyzed using Fiji (ImageJ) [140–142]. The membranes were then stripped by 
10 min incubation at RT with Restore PLUS Western Blot Stripping buffer (Thermo 
Scientific), then washed with PBS and blocked with 5% milk in 0.1% T-PBS for 1 h at 
RT. After removal of the previously bonded antibodies, the membranes were incubated 
with mouse anti-β-actin (1:5000) (Abcam, ab8226) in 1% milk in 0.1% T-PBS for 1 h, 
washed three times for 10 min with 0.1% T-PBS, incubated in horseradish-peroxidase-
coupled donkey antibody (1:5000) against mouse whole IgGs (GE Healthcare, NA931) 
in 1% milk in 0.1% T-PBS for 1 h, washed three times for 10 min with 0.1% T-PBS and 
subjected to ECL horseradish peroxidase substrate SuperSignal™ West Pico PLUS 
Chemiluminescent Substrate (Thermo Scientific™, 34580). The emitted 
 
22 
chemiluminescent signal was analyzed as before. The Samp1 intensity was normalized 
against the β-actin signal. 
3.10 Fluorescence microscopy analysis 
Images for the percentile and radial profile calculations were captured using the confocal 
laser scanning microscope LSM780 (Carl Zeiss, Germany) using the software Zen Black 
2011. Image acquisition was performed using diffraction-limited parameters using the 
Nyquist sampling theorem (z-sections of an interval of 0.551 µm was performed) with a 
pixel size corresponding to 0.0891 µm. LD C-Apochromat 40x/1.3 NA or 63×/1.4 NA oil 
immersion objective was used with the 488 nm laser (filter 493–570 nm) and the 561 nm 
laser (filter 579–632 nm).  
Images showing immunofluorescence or phase-contrast were captured using Leica 
DM/IRBE 2 epifluorescence microscope (Leica, Germany) with 40x/1.4 NA oil 
immersion objective. Image intensities were linearly optimized to adjust brightness and 
contrast to equal intensities using Fiji (ImageJ) [140–142].  
3.11 Statistical analysis 
Statistical analysis was performed and presented using Excel (Microsoft, Seattle, WA), 
SigmaPlot (Systat Software, San Jose, CA), and GraphPad Prism (GraphPad Software, 
La Jolla, CA). Graphs and bar charts were presented as mean values with the standard 
error of the mean (SEM) as error bars. Significance was calculated using an unpaired 
parametric t-test (α = 0.05) assuming a consistent standard deviation. The P-values > 0.05 
were considered non-significant, P < 0.05 were considered *, P < 0.01 were considered 





4.1 Improved representation of FRIC imaging 
In the original presentation of FRIC, ratiometric images were displayed by dividing the 
normalized intensities of the EGFP channel (Figure 4a) with the mCherry channel (Figure 
3b), i.e., H3.3/H2B ratio. H3.3-EGFP is a marker for euchromatin and H2B-mCherry a 
marker for general chromatin, resulting in that a high ratio (bright) indicates regions 
enriched in euchromatin and a low ratio (dark) indicates regions enriched in 
heterochromatin (Figure 4c). Here we presented an alternative way of displaying FRIC. 
With the use of the 75th percentiles of the ratio (normalized H3.3/H2B) showing 
euchromatin (Figure 4d), and the 75th percentiles of the inverse ratio (normalized 
H2B/H3.3) presenting heterochromatin (Figure 4e), merged in one image (Figure 4f), the 
distribution of hetero- and euchromatin in the nucleus is represented in a much clearer 
manner, with heterochromatin in yellow and euchromatin in cyan. 
 
Figure 4: Improved representation of FRIC imaging. An image of an equatorial section of a nucleus 
from a HeLa cell transfected with pTandemH. The upper panels show the distribution of H3.3-EGFP (a), 
the H2B-mCherry (b), and the resulting FRIC ratio image (c). Lower panel (d) shows the 75th percentile of 
the normalized H3.3/H2B ratio and panel (e) the 75th percentile of the normalized inverse H2B/H3.3 ratio, 
both displayed as fire Lookup Tables (LUTs). The merged image (f) represents the 75th percentile of the 
ratio (cyan) and the 75th percentile of the inverse ratio (yellow). 
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To show the improvement of FRIC with the use of the 75th percentile, we experimentally 
altered chromatin organization (Figure 5) by using inhibitors of HDAC and HAT 
(enzymes regulating histone acetylation). HeLa cells were transfected with pTandemH 
and treated with TSA and AA, respectively. TSA is an inhibitor of HDAC; therefore, its 
activity is expected to result in a loss of heterochromatin since it increases histone 
acetylation [146]. On the contrary, inhibition of HAT with AA is expected to give the 
opposite effects, a reduction in histone acetylation and a loss of euchromatin [147,148]. 
According to the expectations, treatment of cells with TSA resulted in a decrease of 
heterochromatin (shown as yellow in the merged images in Figure 5A) in the nuclear 
periphery, and treatment with AA gave the opposite result with the increase of peripheral 
heterochromatin. For a quantitative presentation, analyzed nuclei were divided into 40 
concentric zones of equal width and presented in the radial profile (Figure 5B and 
Supplementary Figure S1A with the full profile). The mean value of each zone (H3.3/H2B 
ratio) was plotted from the nuclear periphery to the nuclear interior (from the left to the 
right side of the x-axis). The comparison of the nuclear periphery and the nuclear interior 
is presented also as the mean relative ratio (P/I, peripheral zone 1–3/ interior zone 4–40) 
in Figure 5C.  
TSA-treated cells displayed significantly higher ratios in the nuclear periphery in 
comparison to the control cells (Figure 5B-C) indicating increased euchromatin and 
decreased heterochromatin in the nuclear periphery. In contrast, AA-treated cells 
displayed significantly lower ratios in the nuclear periphery in comparison to the AA 
control cells (Figure 5B-C), indicating an increase of peripheral heterochromatin. The 
loss of heterochromatin and gain of euchromatin in the nuclear periphery after the cell-
treatment with TSA can be visualized as a gain of the 75th percentile of the ratio (a loss 
of yellow ring and gain of a cyan ring around the nucleus of the TSA-treated cell) in the 
Figure 5A, and the loss of euchromatin and gain of heterochromatin at the nuclear 
periphery after the cell-treatment with AA can be visualized as an enrichment of the 75th 
percentile of the inverse ratio (a gain of a yellow ring around the nucleus of the AA-treated 
cell) in the Figure 5A. These changes in the distribution of hetero- and euchromatin can 
also be seen in the ratio images (Figure 5A, first column), but with the use of the 75th 
percentiles of the ratio and the inverse ratio, merged in one image with two different 
colors. The visualization becomes much clearer and easier to interpret than the original 




Figure 5: Chromatin redistribution in response to experimental manipulation of histone acetylation. 
HeLa cells were transfected with pTandemH and treated with the histone deacetylase inhibitor Trichostatin 
A (TSA) or the histone acetyltransferase inhibitor anacardic acid (AA). (A) Ratiometric images (H3.3/H2B) 
with heterochromatin (darker) and euchromatin (brighter) regions. The 75 th percentile of the ratio 
(H3.3/H2B) or an inverse ratio (H2B/H3.3), displayed as fire LUTs. Merged images represent the 75th 
percentile of the ratio (cyan) and the 75th percentile of the inverse ratio (yellow). The scale bar (shown in 
the last image in the lower right corner) is 10 µm. (B) The radial profile of the mean ratio from nuclear 
periphery to the interior (P→I) of the more peripheral zones; (only the first 8 zones are shown in the graph; 
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see Supplementary Figure S1 for full profile). The TSA-treated cells had a significantly (P ≤ 0.0167) higher 
ratio in the nuclear periphery (Zone 1–2) in comparison to the control cells (n = 50 control, n = 52 TSA 
treated cells). The AA-treated cells had significantly (P = 0.0004) lower ratio in the nuclear periphery (Zone 
1) in comparison to the AA control cells (n = 50 AA control, n = 50 AA-treated cells). (C) Mean relative 
ratio (P/I, peripheral zone 1–3/ interior zone 4–40) with a significantly higher (P = 0.0018) relative ratio 
between TSA-treated and control cells and a significantly lower ratio (P = 0.0235) between AA-treated and 
AA control cells. Experiments were performed three times. P-values > 0.05 were considered 
non-significant, P < 0.05 considered *, and P < 0.01 **.  
4.2 Chromatin reorganization during neuronal differentiation  
We used the neuronal cell lines SH-SY5Y and PC6-3 to see what changes could be 
observed in chromatin organization during neuronal differentiation, using the improved 
representation of FRIC. SH-SY5Y and PC6-3 were transfected with pTandemH and 
differentiated with retinoic acid (RA) or neuronal growth factor (NGF), respectively. 
Images were taken after 5 days of differentiation and then analyzed. Enrichment of the 
heterochromatin (75th percentile of the inverse ratio) at the nuclear periphery was 
observed in both cell lines after differentiation, seen as a gain of a more intense yellow 
ring around nuclei of the differentiated cells, compared to undifferentiated, in the merged 
images (Figure 6A, Figure 7A). The nuclei were then divided into 20 concentric zones, 
the radial distributions of the ratio (H3.3/H2B) were plotted from the nuclear periphery 
to the nuclear interior for both, SH-SY5Y (Figure 6B, Supplementary Figure S1B for the 
full profile) and PC6-3 cells (Figure 7B, Supplementary Figure S1C for the full profile), 
respectively. Both cell lines showed significantly lower ratios at the nuclear periphery 
(zone 1-3) after differentiation and had lower relative ratios (P/I) compared to 
undifferentiated cells (Figure 6C, Figure 7C), again indicating increased heterochromatin 
at the nuclear periphery. The morphological changes with the extension of neurites after 
5 days of differentiation can be seen in the immunofluorescence images of SH-SY5Y 




Figure 6: Chromatin organization during differentiation of neuronal SH-SY5Y cells. (A) Ratiometric 
images (H3.3/H2B) of undifferentiated and differentiated SH-SY5Y cells transfected with pTandemH. 
Heterochromatin (darker) and euchromatin (brighter) regions. The 75th percentile of the ratio (H3.3/H2B) 
or an inverse ratio (H2B/H3.3), displayed as fire LUTs. Merged images represent the 75th percentile of the 
ratio (cyan) and the 75th percentile of the inverse ratio (yellow). (B) Radial profile (P→I, 
periphery→interior); (only the first 10 zones are shown in the graph; see supplementary for all zones). 
Differentiated SH-SY5Y cells had a significantly (P ≤ 0.014) lower ratio in the nuclear periphery (zone 1–
3) in comparison to undifferentiated SH-SY5Y cells (n = 60 undifferentiated, n = 64 differentiated 
SH-SY5Y cells). (C) Mean relative ratio (P/I, peripheral zone 1–3/interior zone 4–20) of undifferentiated 
and differentiated SH-SY5Y cells (P = 0.0317). (D) Fluorescence images of undifferentiated and 
differentiated SH-SY5Y cells, stained for βIII-tubulin (green) and Draq5 (blue). Arrow is showing a neurite 
of a differentiated cell. Experiments were performed three times. The scale bar (shown in the last image in 






Figure 7: Chromatin organization during differentiation of neuronal PC6-3 cells. (A) Ratiometric 
images (H3.3/H2B) of undifferentiated and differentiated PC6-3 cells transfected with pTandemH. 
Heterochromatin (darker) and euchromatin (brighter) regions. The 75th percentile of the ratio (H3.3/H2B) 
or an inverse ratio (H2B/H3.3), displayed as fire LUTs. Merged images represent the 75th percentile of the 
ratio (cyan) and 75th percentile of the inverse ratio (yellow). The scale bar (shown in the last image in the 
lower right corner) is 5 µm. (B) Radial profile (periphery→interior, P→I); (only the first 10 zones are 
shown in the graph; see supplementary for all zones). Differentiated PC6-3 cells had a significantly 
(P = 0.027) lower ratio in the nuclear periphery (Zone 1–3) in comparison to undifferentiated PC6-3 cells 
(n = 77 undifferentiated, n = 75 differentiated PC6-3 cells). (C) Mean relative ratio (P/I, peripheral zone 1–
3/ interior zone 4–20) of undifferentiated and differentiated PC6-3 cells (P = 0.0006). (D) Phase-contrast 
images of undifferentiated and differentiated PC6-3 cells. Arrow is showing a neurite of a differentiated 
cell. The scale bar (shown in the first image in the lower right corner) is 50 µm. Experiments were 
performed three times. P-values < 0.001 were considered ***. 
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4.3 Role of Samp1 in chromatin reorganization during neuronal 
differentiation  
To investigate a possible role of Samp1 in neuronal differentiation and chromatin 
reorganization, we combined immunofluorescence analysis with FRIC with the improved 
image representation. PC6-3 and SH-SY5Y cells were differentiated for 5 days and then 
immunostained using antibodies against Samp1 and βIII-tubulin (Figure 8A). While no 
significant increase was observed for SH-SY5Y cells (not shown), immunofluorescence 
showed a small but significant difference in Samp1 intensity levels after differentiation 
of PC6-3 cells (Figure 8B-C), indicating a possible involvement of Samp1 in the 
differentiation of PC6-3 cells.  
 
Figure 8: Samp1 intensity levels in the nuclear envelope increase during the differentiation of PC6-3 
cells. (A) Fluorescence images of undifferentiated and differentiated PC6-3 cells, stained for βIII-tubulin 
(green), and Samp1 (red). Arrow is showing neurite in the merged image. The scale bar (shown in the last 
image in the lower right corner) is 50 µm. (B) Quantification of the immunofluorescence signals in the NE 
showed a slight, but significant increase (P < 0.0001) after differentiation (n = 197 undifferentiated, n = 288 
differentiated PC6-3 cells). (C) Distribution Samp1 intensity levels in undifferentiated and differentiated 
PC6-3 cells, normalized against the average Samp1 level of undifferentiated PC6-3 cells. Experiments were 
performed three times. P-values < 0.0001 were considered ****. 
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To further investigate the role of Samp1 in the differentiation of PC6-3 cells, we used 
CRISPR/Cas9 mediated KO to deplete Samp1. We created a polyclonal PC6-3 cell line 
with approx. 80% Samp1-KO and 20% wild-type (WT) cells according to 
immunofluorescence microscopy (Figure 9A) and western blot analysis (Figure 9B). 
Since it has been previously shown that Samp1 is essential for myogenesis [48] and is 
highly expressed in neuronal and muscle tissue [40,41], we wanted to check what happens 
after the differentiation of Samp1 depleted PC6-3 cells. After 5 days of differentiation, 
there was no difference between the KO-Samp1 cells and WT PC6-3 cells (Figure 9C). 
Cells normally extended neurites regardless of the Samp1 depletion, suggesting that 

















Figure 9: Differentiation of KO-Samp1 and control PC6-3 cells. (A) Fluorescence images of a knock-
out Samp1 (KO-Samp1) and a control PC6-3 cells stained for Samp1 (red) and phase-contrast images. The 
scale bar (shown in the first image in the bottom right corner) is 10 µm. (B) Proteins from lysates of 
KO-Samp1 and control PC6-3 cells were separated by SDS-PAGE and protein levels analyzed by Western 
blot. The blots were probed with antibodies specific for Samp1. β-actin was used as a loading control. The 
polyclonal KO-Samp1 cells displayed a 5-fold lower Samp1 level in agreement with the 20% occurrence 
of cells expressing Samp1. (C) Fluorescence images of undifferentiated and differentiated KO-Samp1 
PC6-3 cells, stained for Samp1 (red) and βIII-tubulin (green), and phase-contrast images. Experiments were 
performed three times. The scale bar (shown in the firsts image in the bottom right corner) is 50 µm. 





To investigate the effect of Samp1 on chromatin reorganization during differentiation of 
PC6-3, we again used FRIC. Images were captured and analyzed after transfection with 
pTandemH and 5 days of differentiation with NGF (Figure 10). Despite the normal 
differentiation of KO-Samp1 PC6-3, there was no significant increase in peripheral 
chromatin (Figure 10B-C, Supplementary Figure S1D for all the zones), as it can be seen 
for the WT cells after differentiation (Figure 7B-C, Figure 10B-C). Interestingly, 
undifferentiated KO-Samp1 PC6-3 cells had less heterochromatin at the nuclear periphery 
compared to the undifferentiated control, suggesting that Samp1 promotes peripheral 
heterochromatin. Our results show that Samp1 promotes peripheral heterochromatin in 




Figure 10: Chromatin organization during differentiation of Samp1-depleted PC6-3 cells.  
(A) Ratiometric images (H3.3/H2B) of the undifferentiated and differentiated scramble and knock-out 
Samp1 (KO-Samp1) PC6-3 cells transfected with pTandemH. Heterochromatin (darker) and euchromatin 
(brighter) regions. The 75th percentile of the ratio (H3.3/H2B) or an inverse ratio (H2B/H3.3), displayed as 
fire LUTs. Merged images represent the 75th percentile of the ratio (cyan) and the 75th percentile of the 
inverse ratio (yellow). The scale bar (shown in the last image in the bottom left corner) is 5 µm. (B) Radial 
profile (periphery→interior, P→I); (only the first 10 zones are shown in the graph; see Supplementary 
Figure S1 for all the zones). Differentiated scramble PC6-3 cells had a significantly (P = 0.0049) lower 
ratio in the nuclear periphery (zone 1–2) in comparison to the undifferentiated scramble PC6-3 cells (n = 65 
undifferentiated, n = 93 differentiated PC6-3 cells). The ratio at the nuclear periphery (zone 1) in 
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differentiated KO-Samp1 PC6-3 cells was not significantly different (P = 0.183) in comparison to 
undifferentiated KO-Samp1 PC6-3 cells (n = 77 undifferentiated, n = 74 differentiated KO-Samp1 PC6-3 
cells). Undifferentiated control cells had a lower ratio (P = 0.0087) in the nuclear periphery (zone 1) in 
comparison to the undifferentiated KO-Samp1 cells. The differentiated control cells had a lower ratio 
(P < 0.0001) in the nuclear periphery (Zone 1–2) in comparison to the differentiated KO-Samp1 cells and 
a lower ratio (P < 0.0001) in the nuclear periphery (zone 1–2) in comparison to the undifferentiated KO-
Samp1 cells. (C) Mean relative ratio (P/I, peripheral zone 1–2/ interior zone 3–20) of undifferentiated and 
differentiated control PC6-3 cells (P = 0.0039), undifferentiated control and undifferentiated KO-Samp1 
PC6-3 cells (P = 0.0464) and undifferentiated and differentiated KO-Samp1 PC6-3 cells (P = 0.36). 
Experiments were performed three times. P-values > 0.05 were considered non-significant (ns), P < 0.05 *, 
P < 0.01 **, and P < 0.0001 ****. 
4.4 Localization of the nucleoplasmic Samp1 (1-180) 
To test how Samp1 interacts with chromatin, we designed a nucleoplasmic fragment of 
Samp1, YFP-Samp1 (1-180), without the transmembrane segments. Expression in U2OS 
cells resulted in YFP-Samp1 (1-180) localization in the nucleoplasm, with high intensity 
levels around nucleoli (Figure 11A). We used a general DNA marker Draq5 and 
heterochromatin marker H3K9me3 to check the colocalization of YFP-Samp1 (1-180) 
with chromatin. As a positive control, we used colocalization of Draq5 and H3K9me3. 
YFP-Samp1 (1-180) showed a higher colocalization (P < 0.0001) with both chromatin 
markers, compared to YFP (Figure 11B), suggesting that Samp1 can directly interact with 
heterochromatin without its binding partners at the NE.  
 
Figure 11: Colocalization of Samp1 (1-180), the nucleoplasmic fragment of Samp1, with 
heterochromatin. U2OS cells were transfected with YFP or YFP-Samp1 (1-180) for 48 h. 
(A) Immunofluorescence images of cells, immunostained for YFP, show that YFP-Samp1 (1-180) is 
located in the nucleoplasm and accumulated around nucleoli (shown with the arrows). (B) Colocalization 
of YFP and YFP-Samp1 (1-180) with chromatin (Draq5) and heterochromatin (H3K9me3) were calculated 
(n = 54 YFP and n = 65 YFP-Samp1 (1-180) transfected cells). Pearson correlation coefficient (PCC) 
showing a higher colocalization of YFP-Samp1 (1-180) with Draq5 (P < 0.0001) and H3K9me3 
(P < 0.0001) than YFP. Experiments were performed three times. P-values > 0.05 were considered 
non-significant and P < 0.0001 ****. 
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4.5 Investigations of Emery-Dreifuss muscular dystrophy mutants of 
Samp1 
We investigated two of the novel substitution mutations of Samp1 (p.G15A and p.G18S), 
found in EDMD patients. The mutations are located in the hydrophobic part of the 
nucleoplasmic N-terminal tail and present in all Samp1 isoforms. We performed site-
directed mutagenesis of the YFP-Samp1a plasmid to get the YFP-Samp1a mutant 1 
(p.G15A) and YFP Samp1a mutant 2 (p.G18S). Overexpression in U2OS (not shown) 
and HeLa cells (Figure 12) showed the localization in the NE, with no differences 
between the mutants and the WT YFP-Samp1. The overexpression also had no significant 
impact on morphology or the nuclear size (Supplementary Figure S2) that could apply on 
mitotic defects. 
 
Figure 12: Intracellular distribution of the YFP-Samp1a and the YFP-Samp1a mutants  p.G15A and 
p.G18S in HeLa cells. Anti-GFP immunofluorescence image of HeLa cells overexpressing YFP-Samp1a, 
YFP-Samp1a mutant 1 (p.G15A), and YFP-Samp1a mutant 2 (p.G18S) are shown as indicated with 
corresponding phase-contrast images. The scale bar (shown in the third image in the bottom right corner) 
is 15 µm.  
To see a possible effect of Samp1 mutations on the distribution of emerin (a direct binding 
partner of Samp1), we transfected U2OS and HeLa cells with the YFP-Samp1a and the 
mutants and preformed immunofluorescence microscopy (Figure 13A, Supplementary 
Figure S3A). The anti-YFP and anti-emerin fluorescent images were taken 96 h after 
transfection. In WT U2OS cells emerin was mislocalized in cytoplasmic dots or foci in 
around 15% of the cells. Overexpression of WT YFP-Samp1a increased the number of 
cells with mislocalized emerin to more than 75%, with no additional effect of the Samp1 
mutants (Supplementary Figure S3B). In the HeLa cell line emerin was mislocalized in 
7.5% of the WT cells, overexpression of WT YFP-Samp1 increased the number to 21%, 
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with again no additional effect of the mutants (Figure 13B). We also stained U2OS, 
transfected with YFP-Samp1a and the mutants, with lamin A/C, lamin B receptor, and 
SUN1, but no significant difference was observed (data not shown). 
 
Figure 13: Emerin localization in HeLa cells after overexpression of YFP-Samp1a and YFP-Samp1a 
mutants. HeLa cells were transfected with YFP-Samp1a, YFP-Samp1a mutant 1 (p.G15A), and 
YFP-Samp1a mutant 2 (p.G18S) for 96 h. (A) Immunofluorescence images of YFP-Samp1a, YFP-Samp1a 
mutant 1 (p.G15A), and YFP-Samp1a mutant 2 (p.G18S), stained for YFP (green) and emerin (red). Note 
the distribution of emerin in cytoplasmic dots or foci in transfected, but not in untransfected cells. The scale 
bar (shown in the third image in the upper right corner) is 20 µm. (B) Cells displaying emerin mislocalized 
in cytoplasmic dots were counted (n > 1000 cells). Overexpression of YFP-Samp1 had more (P < 0.0001) 
mislocalized emerin than wild-type HeLa cells, but neither the p.G15A nor p.G18S mutations had                
any additional effect. Experiments were performed three times. P-values > 0.05 were considered 
non-significant (ns), P < 0.05 considered *, P < 0.001 ***, and P < 0.0001 ****. 
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Since a detachment of the centrosome from the NE is a common phenotype of the cells, 
taken from patients with EDMD, we wanted to investigate the possible effect of Samp1 
mutations on the centrosome-to-nucleus distance. We transfected U2OS cells with 
YFP-Samp1a and YFP-Samp1a mutants 1 (p.G15A) and 2 (p.G18S). Overexpression of 
YFP-Samp1 resulted in the centrosome movement closer to the nuclear interior 
(Supplementary Figure S4A). Then we tried overexpressing YFP-Samp1a and the 
mutants in the U2OS KO-Samp1 line. The results showed no significant difference 
between the WT, KO-Samp1, and transfected KO-Samp1 U2OS cells (Supplementary 
Figure S4B). To additionally analyze the depletion of Samp1, we treated WT U2OS cells 
with siRNA oligonucleotides targeting Samp1 for 96 h, necessary to silence its expression  
[51]. The results again showed no significant difference in centrosome-to-nucleus 
distance between the WT and KD-Samp1 U2OS cells (Supplementary Figure S4C). Next, 
we tried overexpressing YFP-Samp1a and the mutants and post-transcriptional silencing 
of Samp1 in HeLa cells (Figure 14). 96 h after transfection with siRNA, HeLa cells, 
treated with either one of the siRNA oligonucleotides targeting Samp1, showed 
centrosome detachment from the NE (Figure 14B). The increase in centrosome-to-
nucleus distance was also seen after overexpression of YFP-Samp1a, compared to the 









Figure 14: The effect of overexpression of YFP-Samp1a and YFP-Samp1a mutants and the effect of 
knock-down of Samp1 on centrosome localization in HeLa cells. (A) Immunofluorescence image of 
YFP-Samp1a transfected HeLa cells, stained for YFP (green), and the centrosome marker pericentrin (red). 
The scale bar (shown in the bottom right corner) is 20 µm. (B) Samp1 was depleted (KD-Samp1) in HeLa 
cells using siRNA for 96 h before images were captured (n = 392 siControl, n = 286 siRNA1 and n = 334 
siRNA2 treated cells). The depletion of Samp1 resulted in increased distance between the NE and the 
centrosome (siControl and siRNA1, P = 0.0317 and siControl and siRNA2, P = 0.0014). (C) HeLa cells 
were transfected with YFP-Samp1a, YFP-Samp1a mutant 1 (p.G15A) and YFP-Samp1a mutant 2 (p.G18S) 
for 96h before images were captured (n = 455 wild-type, n = 351 YFP-Samp1a, n = 327 YFP-Samp1a 
(p.G15A) and n = 307 YFP-Samp1a (p.G18S) cells). Overexpression of YFP-Samp1a resulted in an 
increased mean distance between the nucleus and the centrosome (wild-type and YFP-Samp1a, 
P = 0.0176), whereas neither the p.G15A nor p.G18S mutations had any additional effect. Experiments 
were performed three times. P-values > 0.05 were considered non-significant, P < 0.05 considered *, and 





We recently developed an image analysis tool to quantitatively monitor the dynamic 
spatiotemporal distribution of euchromatin and total chromatin in live cells, called       
FRIC [51]. Here was presented an alternative way of displaying FRIC that                
improves the visualization of chromatin organization. The merged images of the 75th 
percentiles of the ratio (H3.3-EGFP/H2B-mCherry, euchromatin) and the inverse ratio 
(H2B-mCherry/H3.3-EGFP, heterochromatin), make it easier to see the distribution of 
heterochromatin and euchromatin in the nucleus.  
In the past, most of the studies on chromatin organization were performed using ESCs. 
These studies have shown spatial and structural rearrangements of chromatin during ESC 
differentiation [97,149]. However, major nuclear gene repositioning, affecting 
transcriptional expression levels, has been observed also during the differentiation of 
myoblasts into myotubes [98] and mesenchymal stem cells into adipocytes [99]. During 
ECS neurogenesis, a proneural regulator gene Mash1 gets activated while relocated from 
the nuclear periphery to the interior [100], chromatin reorganization can be seen while 
comparing ESCs with NSPCs and cortical neurons [101]. While these findings give a 
great insight into the dynamic epigenetic events during the differentiation, the changes in 
chromatin organization were mostly observed in the early stages of differentiation. 
Remarkably, here we show using FRIC that chromatin reorganization events can occur 
also during the late-stage differentiation. With the improved representation of FRIC 
images, we were able to detect a clear redistribution of chromatin (more peripheral 
chromatin at the nuclear periphery) in the relatively late differentiation stage of SH-SY5Y 
and PC6-3 cell lines, which have already undergone major chromatin reorganization 
earlier in the development.  
Samp1 is required for muscle differentiation, KD of Samp1 prevented myogenesis and 
formation of myotubes [49]. Another study reported that even under pluripotent culturing 
conditions, ectopic expression of Samp1 induced a rapid differentiation of iPSCs [50]. 
The expression of Samp1 is tissue-specific, with high expression rates in neurons [47,48], 
suggesting Samp1 could have an important impact on neurogenesis. Increased Samp1 
immunofluorescence intensity levels after differentiation of PC6-3 cells support the idea 
of involvement of Samp1 in neurogenesis (Figure 8). However, its role in neurogenesis 
might not be essential, since the KO-Samp1 PC6-3 cells with depleted Samp1 were able 
to differentiate normally (Figure 9C). The role of Samp1 in neurogenesis could be more 
profound during the early stages of neuronal differentiation, when Samp1 levels could 
change more drastically. Surprisingly, NGF-treated KO-Samp1 cells showed no 
significant increase in peripheral chromatin (Figure 10) compared to WT cells, but they 
were still able to undergo normal morphological differentiation. It is possible that 
chromatin organization is not crucial during the late-stage differentiation compared to 
early-stage differentiation. However, FRIC displayed significantly higher ratios 
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(H3.3/H2B) in the nuclear periphery of KO-Samp1 PC6-3 cells compared to the control 
cells (Figure 10), indicating less heterochromatin in the nuclear periphery in Samp1 
depleted cells. Samp1 has previously been shown to promote peripheral heterochromatin 
[46,47,51]. In U2OS cells, overexpression of Samp1 increased peripheral 
heterochromatin, and KO or KD of Samp1 resulted in a decrease of heterochromatin in 
the nuclear periphery [51] which is in line with our results in the PC6-3 cells. 
The results of our experiments, supported by other studies [46,47,51], indicate an 
important role of Samp1 in promoting peripheral heterochromatin. However, it has not 
been clarified whether this effect is a result of a direct interaction of Samp1 with 
chromatin or an indirect interaction mediated via its binding partners in the NE, which 
could together play an important role in neurogenesis or/and the pathology of the EDMD. 
Our findings in U2OS, expressing a truncated version of Samp1 protein YFP-Samp1 (1-
180), which localizes in the nucleoplasm, for the first time suggest direct binding between 
chromatin and Samp1, without the assistance of its binding partners.  
EDMD was the first disease linked to the NETs. Most of the known cases are caused by 
mutations of emerin or lamin A/C, which are both interacting with Samp1. Cells from 
EDMD patients carrying mutations in the EMD or LMNA gene display an increase in the 
distance between the centrosome and the NE [150,151]. The same phenotype can be 
observed in the cells with depletion of emerin, lamin A/C, proteins of the LINC complex, 
i.e. nesprin-1/2 and SUN1/2, or depletion of Samp1 [21,41,150–153]. A new discovery 
of three substitution mutations in Samp1 was found to give earlier onset and increased 
severity of the disease in three different patients [54]. EDMD is a muscle disorder and 
studies have shown that Samp1 has high expression levels in muscles [47,48]. and is 
essential for myogenesis [49]. Another study also revealed the importance of Samp1 for 
the nuclear movement and for stabilization of the LINC complex [25], which plays an 
important role in the migration of myoblasts [24], and is required for repair and 
maintenance of muscles. Despite all these studies and Samp1 role in the maintenance of 
peripheral heterochromatin (suggesting involvement of Samp1 in the pathology of 
EDMD), our experiments in U2OS and HeLa cells, expressing EDMD mutants of 
Samp1a, failed to reveal any significant findings that could help us to explain the 
mechanism behind the EDMD disease. However, there were some interesting findings. 
Our results of immunofluorescence experiments showed that overexpression of WT 
YFP-Samp1a in U2OS and HeLa cells significantly increases the mislocalization of 
emerin, a direct binding partner of Samp1 [40,52,53]. These results are not in line with a 
previous immunofluorescence study where WT YFP-Samp1 showed no effect on nuclear 
morphology or localization of emerin in HeLa cells, although its depletion reduced the 
level of emerin in the nuclear rim and appeared in the aggregates instead [40]. While 
investigating the possible effect of Samp1 mutants on centrosome, we also confirmed that 
the silencing of Samp1 expression in HeLa cells increases centrosome-to-nucleus 
distance, the same outcome that has been previously shown in HeLa cells [41]. 
Interestingly, overexpression of WT YFP-Samp1a also resulted in centrosome 
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detachment from NE. That could be explained by the lower levels of emerin in the NE, 
caused by overexpression of YFP-Samp1a. It is likely that both, Samp1 and emerin levels, 
are important for the right centrosome positioning. Centrosome detachment from the 
nucleus could also be a consequence of a competition between the overexpressed WT 






• Optimization of fluorescence ratiometric imaging of chromatin (FRIC) improved 
visualization of hetero- and euchromatin distribution in the nucleus.  
• With the use of improved FRIC, an increase in the heterochromatin in the nuclear 
periphery during the late-stage neuronal differentiation of a human neuroblastoma 
cell line SH-SY5Y and a rat pheochromocytoma cell line PC6-3 was detected for 
the first time. 
• Samp1 promotes peripheral heterochromatin formation but is not required for 
neuronal differentiation of PC6-3 cells. 
• Truncated nucleoplasmic part of Samp1 colocalizes with heterochromatin, which 
suggests that Samp1 can directly bind chromatin. 
• Overexpression of WT YFP-Samp1a causes a mislocalization of emerin and alters 
the centrosome-to-nucleus distance. 
• Emery-Dreifuss muscular dystrophy (EDMD) mutants of Samp1 do not affect 
emerin mislocalization, centrosome localization, nuclear size, or nuclear 




6.1 Future investigations 
To check whether Samp1 levels could change more dramatically in the earlier stages of 
neuronal differentiation, it would be advisable to differentiate Samp1-depleted iPSCs into 
neurons. Comparing these results with our findings could also help us to understand the 
importance of nuclear organization at different stages of differentiation. 
To support the idea that Samp1 can directly bind chromatin and exclude the possibility 
of indirect interaction of Samp1 with chromatin via its binding partners in the NE, 
immunoprecipitation experiments could be carried out, e.g. ChIP with the nucleoplasmic 
fragment of Samp1 or co-immunoprecipitation (Co-IP) of the Samp1 with histones or 
heterochromatin markers. 
Since the main target of EDMD disease are muscles, in which Samp1 is also expressed at 
high levels, our choice of the cell model for EDMD was not ideal. It would therefore be 
better to repeat the experiments using a different cell line, e.g. the mouse myoblast cell 
line C2C12. With this cell line, it would also be possible to try if the Samp1 mutants could 
rescue myogenesis, as it was shown for the WT Samp1a [49]. C2C12 cell line would be 
more relevant to the disease, but more difficult to transfect, so we did these first 
experiments as an initial screen.  
When investigating emerin mislocalization in the future, it would be necessary to include 
western-blot assay to measure the Samp1 expression levels, since it could also influence 
emerin distribution. At the same time, we could also measure emerin expression levels, 
effected by the EDMD mutants of Samp1. 
Another challenge would also be to change the FP, tagged to the histones H2B and H3.3 
in the pTandemH vector that we use for FRIC, which would allow the co-transfection of 
cells with YFP-tagged proteins and pTandemH. In this way, we could analyze the effect 
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8 Supplementary Material 
 
Supplementary Figure S1: Radial profiles with all zones. (A) Radial profile (periphery→interior, P→I) 
for HeLa cells treated with Trichostatin A (TSA) and anacardic acid (AA); all 40 zones are shown in the 
graph. (B-D) Radial profile (P→I) for undifferentiated and differentiated SH-SY5Y (B) and PC6-3 cells 
(C), and undifferentiated and differentiated KO-Samp1 and control PC6-3 cells (D); all 20 zones are shown 
in the graph. 
 
Supplementary Figure S2: Nuclear size after overexpression of YFP-Samp1a and YFP Samp1a 
mutants. HeLa cells were transfected with YFP-Samp1a, YFP-Samp1a mutant 1 (p.G15A) or 
YFP-Samp1a mutant2 (p.G18S) for 96 h. The area of the nucleus is shown as pixels, with no significant 
difference between the wild-type, WT (n = 234), YFP-Samp1a (n = 352), YFP-Samp1a mutant 1 (p.G15A) 
(n = 268) and YFP-Samp1a mutant 2 (p.G18S) (n = 303) transfected HeLa cells. Experiments were 




Supplementary Figure S3: Emerin localization in U2OS cells after overexpression of YFP-Samp1a 
and YFP-Samp1a mutants. U2OS cells were transfected with YFP-Samp1a, YFP-Samp1a mutant 1 
(p.G15A), and YFP-Samp1a mutant 2 (p.G18S) for 96 h. (A) Immunofluorescence images of YFP-Samp1a, 
YFP-Samp1a mutant 1 (p.G15A) and YFP-Samp1a mutant 2 (p.G18S), stained for YFP (green) and emerin 
(red). Note the distribution of emerin in cytoplasmic dots or foci in transfected, but not in untransfected 
cells. The scale bar (shown in the third image in the lower right corner) is 15 µm. (B) Cells displaying 
mislocalized emerin in cytoplasmic dots were counted; n = 209 wild-type (WT), n = 176 YFP-Samp1a, 
n = 183 YFP-Samp1a (p.G15A), and n = 173 YFP-Samp1a (p.G18S). Overexpression of YFP-Samp1a had 
more (P < 0.0001) mislocalized emerin than wild-type U2OS cells, but neither the p.G15A nor p.G18S 
mutations had any additional effect. P-values > 0.05 were considered non-significant (ns), P < 0.01 **, 




Supplementary Figure S4: The effect of overexpression of YFP-Samp1a and YFP-Samp1a mutants 
and effect of knock-out and knock-down of Samp1 on centrosome localization in U2OS cells.  
(A) U2OS cells were transfected with YFP-Samp1a, YFP-Samp1a mutant 1 (p.G15A), and YFP-Samp1a 
mutant 2 (p.G18S) for 96 h before images were captured (n = 278 wild-type, n = 479 YFP-Samp1a, n = 133 
YFP-Samp1a (p.G15A) and n = 81 YFP-Samp1a (p.G18S). Overexpression of YFP-Samp1a resulted in a 
decreased mean distance between the nucleus and the centrosome (wild-type and YFP-Samp1a, 
P = 0.0176), whereas neither the p.G15A nor p.G18S mutations had any additional effect. (B) U2OS cells 
with knock-out Samp1 (KO-Samp1) were transfected with YFP-Samp1a, YFP-Samp1a mutant 1 (p.G15A) 
and YFP-Samp1a mutant 2 (p.G18S) for 96 h before images were captured (n = 278 wild-type, n = 170 
KO-Samp1, n = 258 YFP-Samp1a, n = 312 YFP-Samp1a (p.G15A) and n = 265 YFP-Samp1a (p.G18S) 
cells). Overexpression of YFP-Samp1a in KO-Samp1 cell line did not show a significant effect on 
centrosome localization. (C) Samp1 was depleted in U2OS cells (KD-Samp1) using siRNA for 96 h before 
images were captured (n = 164 siControl, n = 62 siRNA1 and n = 100 siRNA2 treated cells). Depletion of 
Samp1 did not show a significant effect on centrosome localization. P-values > 0.05 were considered 
non-significant, P < 0.05 *, and P < 0.01 **. 
